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Abstract 

Dietary fiber from whole foods has long been known to regulate bowel function; however 

it is essential to confirm this in isolated or synthesized fibers.  Stool weight, 

gastrointestinal transit time, and stool consistency are all ways to measure changes in 

bowel function in humans and can be used to evaluate the efficacy of dietary fibers.  

Gastrointestinal tolerance is also of great concern since consumer acceptability of dietary 

fiber is related to intolerance issues.  Furthermore, since observational and 

epidemiological data suggests dietary fiber reduces energy intake, which may be 

modulated by changes in postprandial satiety, we also investigated acute satiety using 

visual analog scale (VAS) and food intake via food diaries.   Therefore, we investigated 

the influence of 20 grams per day for 10 days of the functional fibers Polydextrose (PDX) 

and Soluble Corn Fiber (SCF) compared a low fiber control on bowel function.  Thirty-

six healthy men and women completed this randomized, double-blind, placebo-controlled 

study.  A two-week washout period was completed between each treatment period.  

Results show both PDX and SCF significantly increased stool weight compared to the 

control treatment.  In contrast, whole gut transit time was not difference among the 

treatments.  Stool pH was significantly lower for PDX compared to the control treatment.   

PDX caused a significantly looser stool than SCF and control.  Flatulence and stomach 

noises were significantly increased by the fiber treatments compared to the control.  

Satiety was not difference among the treatments as measured by a VAS.  No differences 

were observed in energy intake among the treatments.  
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Chapter 1 Background on Dietary Fiber Definitions, Laxation, Satiety, 
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Section 1:  Dietary Fiber Definition and Average Intake 

The term dietary fiber was coined by Hipsley in 1953 as the nondigestible 

constituents of plant walls (1).  In 1972 Trowell expanded the definition of dietary fiber 

to include beneficial physiological effects (2).  Since then, many discussions have 

occurred pertaining to the definition of dietary fiber.  Currently, three definitions of 

dietary fiber are widely accepted and were created by three separate organizations - 

Codex Alimentarius Commission, American Association of Cereal Chemists (AACC), 

and the Institute of Medicine (IOM).   

The Codex Alimentarius Commission definition is important worldwide because 

it is recognized by the World Trade Organization.  The Codex Alimentarius Comission 

defines dietary fiber as “carbohydrate polymers
1 

with ten or more monomeric units
2
, 

which are not hydrolysed by the endogenous enzymes in the small intestine of humans 

and belong to the following categories: 

 Edible carbohydrate polymers naturally occurring in the food as consumed, 

 carbohydrate polymers, which have been obtained from food raw material by 

physical, enzymatic or chemical means and which have been shown to have a 

physiological effect of benefit to health as demonstrated by generally accepted 

scientific evidence to competent authorities, 

 synthetic carbohydrate polymers which have been shown to have a physiological 

effect of benefit to health as demonstrated by generally accepted scientific 

evidence to competent authorities 
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1
 When derived from a plant origin, dietary fibre may include fractions of lignin and/or 

other compounds when associated with polysaccharides in the plant cell walls and if 

these compounds are quantified by the Association of Official Analytical Chemists 

(AOAC) gravimetric analytical method for dietary fibre analysis : Fractions of lignin and 

the other compounds (proteic fractions, phenolic compounds, waxes, saponins, phytates, 

cutin, phytosterols, etc.) intimately "associated" with plant polysaccharides are often 

extracted with the polysaccharides in the AOAC 991.43 method. These substances are 

included in the definition of fibre insofar as they are actually associated with the poly- or 

oligo-saccharidic fraction of fibre. However, when extracted or even re-introduced into a 

food containing non digestible polysaccharides, they cannot be defined as dietary fibre. 

When combined with polysaccharides, these associated substances may provide 

additional beneficial effects 

2 
Decision on whether to include carbohydrates from 3 to 9 monomeric units should be 

left to national authorities.” 

The AACC describes dietary fiber as “the edible parts of plants or analogous 

carbohydrates that are resistant to digestion and absorption in the human small intestine 

with complete or partial fermentation in the large intestine.  Dietary fiber includes 

polysaccharides, oligosaccharides, lignin, and associated plants substances. Dietary fibers 

promote beneficial physiological effects including laxation, and/or blood cholesterol 

attenuation, and/or blood glucose attenuation” (3).   

The IOM definition divides fiber into two classes:  dietary fiber and functional 

fiber (4).  Dietary fiber includes “carbohydrates and lignin that are intrinsic and intact in 
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plants that are not digested and absorbed in the small intestine” (4).  Functional fiber is 

“isolated, nondigestible carbohydrates that confer beneficial physiological effects in 

humans” (4).  The sum of dietary fiber and functional fiber is termed total fiber.  The 

rational for creating two different classes of dietary fiber is that intact dietary fiber may 

have different physiological effects than isolated or artificially synthesized functional 

fiber.   

The Codex method relies upon methods developed by the AOAC, which uses 

analytical techniques for the determination of total dietary fiber, soluble fiber, and 

insoluble fiber.  The AOAC method has also been adopted by the Food and Drug 

Administration for the purposes of classifying dietary fiber on the nutrition facts labels 

(4).  Despite the acceptance of the AOAC method of fiber quantification, there has been 

trend to move away from this definition.  The reason for the shift is because the solubility 

of a dietary fiber does not always predict its physiochemical properties.  Instead viscosity 

and fermentability have been suggested as better descriptors for dietary fiber; however no 

consensus on how to characterize dietary fiber has been agreed upon to date (4).   

Regardless of definition, fibers must demonstrate physiological benefits in order 

to be classified as dietary fiber.  These benefits include laxation, blood glucose 

attenuation, and serum cholesterol reduction.  Therefore newly discovered or synthesized 

fiber-like compounds must be investigated for their physiological effects.   

Dietary Fiber Intake 

The Dietary Reference Intake (DRI) committee recommends consumption of 14 

grams of dietary fiber per 1000 kcal, which translates into a recommended level of 25 
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g/day for women and 38 g/day for men.  A recommendation of 19-25g/d has also been 

made for children over the age of 2.  Previously no dietary recommendation existed for 

dietary fiber because it was not considered a nutrient (4).  Despite the recommendations, 

dietary fiber consumption in the United States is low.  Intake of dietary fiber in large 

cohorts of adult men and women is 21g/day and 18 g/day (5,6).  Fiber intake in a cohort 

of older men and women between the age of 50 and 71 was 10.3 g/day (7).  Another 

cohort of older people found consumption of 12 g/day (8).  These cohorts show that 

adults in the United States are consuming significantly less than the recommended levels 

of dietary fiber. 

Section 2:  Laxation Mechanisms, Methods, and Effects of Wheat Bran 

 

Laxation is a term that refers to the elimination of waste via stools.  The 

frequency of laxation is highly individualized and the normal frequency can vary from 3 

stools a day to 3 stools a week.  Generally constipation is defined as less than 3 stools a 

week; whereas diarrhea is more than 3 stools a day (9).  Clinically diarrhea has also be 

reported as a stool weight exceeding 200 g/day (10).  This second definition of diarrhea is 

likely inappropriate for all populations since it has been reported that the average stool 

weight ranges from 72-470 g/day worldwide (11).  This fact highlights that a normal 

stool weight is likely a function of diet and culture due to the wide range of stool weights 

reported worldwide.  

 Laxative mechanisms of dietary fiber as a whole are well established, but those 

of individual fibers may not be clear and warrant research.  Fibers may exert a laxative 

effect by increasing fecal weight, altering gastrointestinal transit time, increasing the 
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frequency of defecation, changing stool consistency, or a combination of all the 

aforementioned effects.  

One common way to compare laxative effects of different fibers is to look at the 

increase of stool weight.  It is important that the fiber be given time to pass through the 

gastrointestinal tract prior to collecting.  Also at least a 4-day stool collection and 

preferably 5-7 day collection should be done to account for intra-individual stool weight 

differences.  Comparison of fecal weight changes are best accomplished in a crossover 

design study so that the control period can be compared to a fiber treatment within each 

subject.  Then the fecal weight during the control period can subtracted for the stool 

weight during the fiber treatment and divided by the amount of fiber supplemented 

during the collection period yielding grams of fecal weight increase per gram of fiber 

supplemented.  This number is relatively robust and is useful for comparing results 

between studies.   

Increases in stool weight are one of the most notable effects of dietary fiber.  

Measuring stool weight is one of the easiest and least invasive ways to examine the 

effects of dietary fiber on laxation.  The composition of the stool can be investigated in a 

number of different ways.  The most basic way is to simply weigh the sample.  

Differences in stool weight are generally related to dietary fiber intake, but not always 

due to differences in fermentability or water binding capacity of fibers.  It has been 

shown that some highly fermentable fibers such as pectin or inulin do not increase stool 

wet as much as other less fermentable fibers.  However, highly fermentable fibers do 

influence stool weight by increasing the bacterial mass of the stool (12).  In contrast, non-
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fermentable fibers like cellulose increase stool weight by directly contributing to the stool 

after they pass through the gastrointestinal tract (12).  Psyllium fiber exerts a laxative 

effect by binding water, which in turn increases the weight of the stool (13,14).  The 

previous three examples are the extremes of how dietary fiber functions as a laxative, but 

in reality, dietary fibers exert their laxative effect by a combination of the aforementioned 

mechanisms.   

Another way to investigate the mechanism of laxation is by drying the fecal 

sample, which allows the researcher to examine the contribution of dry matter to the total 

fecal weight.  Determining the dry weight is useful for investigating the laxative 

mechanism of a new fibers; however drying the sample is that it is very labor intensive.     

Many studies have demonstrated increased fecal dry weight after a dietary fiber 

intervention as a result of unfermented fiber (15).  An interesting study compared the 

laxative effects of WB to plastic particles of similar size to WB.  This study found plastic 

particles had similar affects on stool weight and WGTT as WB demonstrating a similar 

mechanism between the two substances (16).   

Another mechanism of laxation involves the water-binding capacity of the dietary 

fiber.  An in vitro study conducted by Stephen and Cummings investigated the water 

binding capacity of 17 different dietary fiber components (17).  Pectin had the greatest 

water binding ability at 56 g water/g fiber, but the smallest change in fecal weight, 

whereas WB had the lowest water binding at 4 g water/g fiber and largest increase in 

fecal weight (17,18).  A notable exception to this relationship is psyllium, which 

produces a laxative effect due to its ability to bind water and form a gel (19,20).  Xylose 
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and arabinose account for a high percentage of the gel fraction of the feces and are 

thought to account for the laxative mechanism of psyllium (19).  Furthermore, particle 

size influences water binding capacity of fibers with smaller particle sizes significantly 

increasing water binding (17).  In addition, the particle size of inert plastic pieces has 

been shown to influences the laxative effects (21).  This indicates particle size may also 

play an independent role in laxation of fibers since plastic particles do not bind water and 

are not fermentable.   

Apart from directly bulking the stool, some fibers increase fecal weight due to 

proliferation of bacteria during fermentation as indicated by an increase in muramic acid 

content of stool, a component of the bacterial cell wall (22).  This mechanism is 

supported by highly fermentable oat bran increasing fecal weight to a similar degree as 

WB (23).  It has been observed that alive and dead bacteria comprise between 55-60% of 

human feces by weight (23,24).  Overall, the physiochemical properties, particle size, and 

fermentability of dietary fiber all influence their laxative effects.         

Measurement of Gastrointestinal Transit Time 

 

The ability of dietary fiber to alter gastrointestinal transit time has been measured 

for many years.  Investigators have used many different methods to determine transit time 

including colored dyes, colored glass beads, 
51

Cr-labeled sodium chromate, cobalt-

ethylenediamine-tetraacetic acid, and terbium oxide; however currently the most 

commonly used methods are radioopague markers (ROM) and scintigraphy.  The newest 

technology used to measure transit time is a wireless motility device called the 

SmartPill®.   
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ROM 

The ROM technique has its origin with the 1969 study by Hinton.  This study 

examined the influence size and specific gravity on ROM passage finding that 5mm solid 

pellets were the most consistent.  The specific gravity of these pellets are similar to the 

specific gravity of the gut contents, hence it is believed they pass at approximately the 

same rate as the gut contents.  Also the repeatability and variance of the method was 

examined 5 times within 6 different subjects.  One of the conclusions of this study was 

WGTT is best defined by the time required to pass 80% of the pellets since the last 

couple pellets may be disproportionally delayed (25).  Furthermore, this study compared 

ROM to 
51

Cr-labeled sodium chromate and found in general ROM was the same or faster 

than the sodium chromate (25).  A study by Wyman aimed to examine the variability of 

colonic function using the Hinton 80% transit time.  Ten men and women completed 

repeated ROM determination of transit time on their basal diet.  This study found a large 

variability in transit time, fecal output, and the size of individual stools in both men and 

women (26).  Unfortunately transit time was only repeated twice and dietary intake was 

not recorded or controlled; therefore it is difficult to determine in the differences are due 

to biological processes or confounding factors.   

The ROM methodology was expanded by Cummings by introducing multiple 

doses of differently shaped ROM to examine the mixing of gut contents (27).  The 

continuous method involves subjects swallowing 5 ROM pellets with each meal for one 

week; thereafter each fecal sample was collected, frozen, and x-rayed.  The continuous 

mean transit time (C-MTT) determines gastrointestinal transit based on the turnover time 
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of ROM (27).  The same study also created an equation to determine WGTT after a 

single dose of ROM (S-MTT) (27).  This equation is based on the number of pellets 

passed multiplied by the time interval after swallowing divided by the number of total 

pellets passed (27).  Additionally this study examined the simultaneous swallowing of 4 

distinctly-shaped ROM and found no differences based on the shape of the ROM (27).  

When comparing 80% transit time (63.1 h) with C-MTT (54.2 h) a significant difference 

was observed; whereas the S-MTT method was similar to the C-MTT (27).   

Based on the results of the previous study, Cummings and Wiggins set out to 

validate the single stool method as an acceptable alternative to the tedious continuous 

marker method in 15 healthy men (27).  They observed a significant correlation between 

the two methods of (R = 0.78 p < 0.001), hence showing that a single stool method is an 

acceptable method of determining transit time (27).  Another study examined S-MTT, 

80% ROM, and colored dye transit time methods on low and high fiber diets.  It was 

observed that S-MTT was shorter than the 80% method on both the low and high fiber 

diet (28).  Also, the dye method produced a significantly shorter transit time than both 

ROM methods (28).  Regardless of method, the high fiber diet reduced variability of 

transit time measurements (28).  Another study used repeated measures of transit time 

using ROM and found no differences between the same subject on 4 separate occasions, 

indicating a relatively low variablitity of repeated measures using the ROM technique 

(29). 

Based on the series of studies on the gastrointestinal transit time methods it is 

clear each method is slightly different and may yield significantly different results.  
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Therefore, when comparing studies of gastrointestinal transit time one must look at the 

ROM technique used and take this into account while making conclusions due to the 

variation between methods. 

Scintigraphy 

 

Scintigraphy involves the consumption of a radio-labeled meal followed by 

abdominal scans to determine the concentration of the radio-labeled meal in each part of 

the gastrointestinal tract.  Most commonly a 
99m

Tc sulfur radio-labeled egg sandwich is 

used as a test meal (30).  However, other radioisotopes are used including 
111

In that is 

used to determine liquid gastric emptying time (GET) time (31).  Traditionally 

scintigraphy methodology has been mired by a lack of a standardized procedure.  In 

recent years, there has been an effort to standardize this methodology.  In 2000, a large 

multicenter study established a radio-labeled low fat egg meal with abdominal scans at 0, 

1, 2, and 4 hours as the standard procedure (32).  GET was defined as the time required 

for half of the radioactivity to exit the stomach (32).   

Scintigraphy can also be used to determine colonic transit time (CTT).  It utilizes 

regions of interest to help aid in determination of regional CTT based on the progression 

of isotope in each region of interest (31).  The center of mass of the radioisotope is used 

to determine the progression of the radio-labeled meal through the large intestine.  The 

frequency of abdominal scans varies between studies ranging from one to three times 

daily (31,33).   The requirement for abdominal scans cause increased burden on the 

subjects and investigators; hence ROM are more often used for WGTT studies.  Overall, 
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despite the burden on subjects and investigators scintigraphy is widely regarded as the 

gold standard for GET measurement (30).   

Physiological Influences on Transit Time 

Menstrual cycle, gender, and exercise are three factors thought to influence transit 

through the gut.  Menstrual cycle has been extensively investigated for its influence on 

transit through various sites of the gastrointestinal tract.  An early study examined GET, 

as measured by dual isotope scintigraphic techniques, and found no difference between 

the follicular and luteal phase in the 10 women measured (34).  In contrast, a more recent 

study found the follicular phase significantly slows GET as measured by a 3D 

ultrasonography method (35).  Examination of the effect of menstrual cycle on CTT has 

yielded no differences when measured by scintigraphic methodology (36).  Likewise, two 

studies found no difference in WGTT between the menstrual cycle using ROM (26,37).  

In contrast, a study using ROM along with an abdominal radiograph showed a significant 

difference in CTT between phases of the menstrual cycle with the luteal phase CTT being 

longer (38).  Likewise, a study using ROM found the MTT to be significantly longer for 

women during the luteal phase (39). 

Three studies that examined GET, SBTT, and CTT using scintigraphic methods 

found conflicting results on effect of gender on transit time (40-42).  A study using ROM 

found women have significantly longer GET, SBTT, and CTT than men (43).  Another 

study found no statistical difference in CTT between men and women, but women did 

have an average of 7 hours longer CTT (38).  Other studies have found that women have 

significantly slower WGTT compared to men (44-46); whereas others do not (26).   
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Exercise has also been investigated as a potential influence on gastrointestinal 

transit time.  Different levels of participant fitness, type of exercise, and transit time 

measurement methodology all complicate interpretations of this literature.  A crossover 

study of sedentary people compared daily running, biking, and rest for an hour with other 

physical activity not being permitted and dietary fiber and fluid intake were controlled.  

WGTT was measured by a single dose of ROM and results show a significant reduction 

in WGTT from 51.2 h on the control to 36.6 and 34.0 h for biking and running 

respectively (47).  In contrast, a study examining the effects of daily brisk walking 

compared to no exercise showed no differences in CTT in men (48).  These two studies 

show that the effect of exercise is likely proportional to the intensity of exercise. 

 It is apparent that apart from diet, gender, menstrual cycle, and exercise all 

influence transit time, making it is important to control for their effects during any 

clinical trial.  The effect of menstrual cycle on transit time remains controversial so it is 

best to control for menstrual cycle as a best practice to reduce variability since the luteal 

phase tends to slow gastrointestinal transit time.  Gender can be taken into account during 

statistical analysis as a covariant, but also by designing a study for either exclusively men 

or women or by having a gender balanced study.  Lastly, exercise should be maintained 

at the same level during all phases of a clinical trial and investigators should try to recruit 

relatively sedentary people since high intensity exercise reduces transit time.  

Stool Consistency 

 A stool consistency can vary greatly from within and between individuals from 

small hard pellets to completely liquid.  Generally the extremes in stool consistency are 
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associated with either constipation or diarrhea.  These differences in stool form are a 

function of gastrointestinal transit time since transit can alter the amount of water 

absorbed in the colon (39,49).  Also, it has been shown that stool consistency and water 

content are directly related (50).  The same study found that healthy adults had a near 

constant stool water content despite wide ranges in stool weight (50).  Since dietary fiber 

tends to regulate bowel function by altering transit time it can, depending on the person, 

either slows transit to produce a harder stool or speeds transit to soften the stool.  

Moreover, it has been shown that stool form and colonic transit time are correlated 

(49,51). Therefore, stool consistency is essentially an auxiliary measure of 

gastrointestinal transit and can be used to approximate transit time when it is not 

measured (49).   

 Throughout the years several different ways of determining stool form have been 

used.  Common scales involve a numeric scale with accompanying descriptions that are 

rated by either subject or investigators.  As the scales have evolved, pictures of stool 

samples have been combined with descriptions to increase the continuity between the 

people rating the stool.  The most common scale is the 7 point Bristol Stool Form Scale 

that utilizes pictures with descriptions ranging from hard pellets to completely liquid.  

This scale is relatively robust since experimentally it was correlated with both fast and 

slow transit times (49).  Another popular scale is the Kings Stool Chart.  This scale forms 

a matrix with stool weight ranges (>100g, 100-200g, >200g) and 4 different descriptors 

with pictures (52).  This scale has been validated; however it was done in hospital 

patients with diarrhea and the modal rating was liquid (52).  Besides these two pictorial 
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scales other more basic scales are still in common use since no standard stool form scale 

has been established.  The major drawback of various scales is that there is no guide for 

each investigator to make reference to and this may account for inconsistent stool form 

results between studies apart from subject differences. 

Laxation Studies Examining WB 

WB is widely considered the gold standard of laxative fibers and has a wealth of 

literature to support its effect.  One of the earliest was conducted by Eastwood and 

associates found no difference in transit time after 3 weeks of WB or cellulose 

consumption using ROM (53).  This study did, however, observe significant increases in 

both wet and dry fecal weight as a result of both fibers (53).  Payler and colleagues and 

examined the effects of a 20 g dose of WB on 20 men using ROM.  When compared to 

the basal diet, 20 g of WB decreased WGTT from 2.75 ± 1.6 to 2.0 ± 0.9 days (54).  

Cummings and associates examined the effect of WB in 6 male subjects in a metabolic 

ward.  They consumed a tightly controlled diet that only varied by substituting 30 grams 

of WB for white flour.  A significant decrease in WGTT was observed on the WB 

treatment from 57.8 ± 8.3 h to 40.3 ± 8.9 h using the C-MTT method (55).  Also a 

significant increase in fecal weight from baseline 79.3 ± 6.6 g to 228.0 ± 29.9 g observed 

on the WB treatment (55).   

Cummings also investigated the effect of concentrated fiber extracted from carrot, 

cabbage, WB, and guar gum (56).  WGTT and stool weight was determined on a 

controlled low fiber diet followed by a randomly assigned fiber treatment.  Fecal weight 

was significantly increased by all fibers except guar gum (56).  WGTT was significantly 
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decreased by WB, cabbage fiber, and apple fiber, however no change was observed on 

the carrot and guar gum treatments (56).  A study fed 16g/day of course ground WB for 3 

weeks compared to a control period.  The results show significantly increased fecal wet 

and dry weight, but no difference in WGTT as measured by the Hinton method (18).  

Another study investigated the effect of WB enriched bread on laxation.  Twelve young 

men completed both a low fiber (9 g) treatment and a high fiber treatment (22 g).  The 

high fiber diet significantly decreased WGTT from 88 h to 52 h and significantly 

increased fecal wet weight from 77 g/d to 140 g/d (57).  A similar gender-balanced 

crossover study compared the laxative effects of 21 g/day of WB to a low-fiber control.  

WGTT was determined by 80% recovery of ROM after a 4-day fecal collection.  Results 

show no difference in WGTT despite the control having significantly lower insoluble and 

total fiber consumption (58).   However fecal wet weights were significantly increased by 

WB compared to the control (58).     

A high-fiber diet (45 g) composed of dietary fiber from primarily fruit and 

vegetable fiber resulted in a significant reduction in WGTT of approximately 18 hours 

and a significant increase in fecal wet weight of 115 grams when compared to a low fiber 

diet (12 g) (59).  Another study by this group investigated WB, citrus pectin fiber, and 

fruit/vegetable fiber on several biomarkers including fecal output and transit time.  

WGTT as determined by ROM found significant reductions of 13 and 19 hours on the 

fruit/vegetable fiber and WB respectively as well as an increase in stool frequency (60).  

Fecal wet weight was also increased as a result of the fruit/vegetable fiber and WB, but 

not the citrus pectin (60).   
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In order to clarify the effect of particle size, two clinical trials were conducted 

investigating fine, medium, and course ground WB.  The first study compared 19 grams 

of fine or medium ground WB to a low-fiber control while the second study compared 

medium or course ground WB to a low-fiber control.  Both WB treatments significantly 

increased fecal weight compared to the control, but were not different from each other 

(61).  However, the medium ground WB had a significantly higher frequency of bowel 

movements compared to the fine ground WB (61).  Similarly, results of the second study 

showed significantly increased fecal weights for the medium and course ground WB 

treatments compared to the control with no differences between the WB treatments (61).  

In contrast, no difference in frequency of bowel movements was observed between the 

medium and course ground WB (61).   

Another crossover study examined WB, psyllium, or a low fiber control in twelve 

women.  This study found WB was most effective at decreasing WGTT with psyllium 

having an intermediate effect between WB and control (29).  In contrast, psyllium was 

more effective at increasing fecal wet weight than WB (29).  Overall, WB is considered 

the gold standard for laxation because it has been repeatedly shown to decrease 

gastrointestinal transit time and increase fecal weight.  These classical studies examined 

dietary fiber from natural sources or extracted from natural sources.  Therefore it is 

imperative to determine the physiological effects of newly synthesized or chemically 

modified dietary fibers because without proof of physiological benefits indigestible 

carbohydrates may not be considered dietary fiber. 
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Section 3: Fermentation of Dietary Fiber 

Gut Microbiota 

 The human gastrointestinal tract harbors a total of approximately 100 trillion 

bacterial cells (62).  Each gram of feces contains approximately 10
12

 -10
14

 bacteria (63).  

These bacteria belong to 500-1000 distinct species (64-66); however the Bacteroidetes 

and Firmicutes familes account for proximately 90% of all bacteria (67).  Several 

different techniques are used to detect the microbiota including culturing techniques, 16s 

RNA, terminal restriction fragment polymorphism, fluorescent in situ hybridization, and 

DNA microarray chips (68).  Currently, no standard way of analyzing gut microbiota 

exist so different group’s use one of the techniques, which makes comparing results 

difficult between studies.  As techniques improve and standardization occurs the large 

intestinal ecosystem will become clearer and easier to understand the complex 

relationships between microbial metabolism and large intestinal function.  In the 

meanwhile it is well known that colonic bacteria play a large role in the function of the 

gastrointestinal tract through fermentation of dietary fiber and protein supply energy for 

the coloncytes and the body.     

Prebiotics/Probiotics 

Prebiotics are a class of dietary fibers described as “a nondigestible food 

ingredient that beneficially affects the host by selectively stimulating the growth and 

activity of one or a limited number of bacteria in the colon that have the potential to 

improve host health” (69).  Inulin-type fructans and resistant starches are the most 
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common prebiotics.  The beneficial bacteria that prebiotics stimulate the growth are 

termed probiotics.  A definition of probiotics is “any living microorganisim which upon 

ingestion in certain numbers, exert health benefits beyond inherent general nutrition” 

(70).  Probiotic bacteria generally consist of lactic acid producing bacteria in the 

Lactobacillus and Bifidobacterium genera (71,72).  Probiotics have the characteristics of 

being non-toxic, non-pathogenic bacteria that are also resistant to low pH.  Both 

prebiotics and probiotics have beneficial effects including alterations of the metabolic 

activity of intestinal bacteria, SCFA production, and enhancement of intestinal immunity 

(71). 

SCFA 

When dietary fiber reaches the large intestine, resident bacteria ferment the fiber 

producing SCFA at a concentration around 100 mM (73).  The three main SCFA 

produced in the colon are acetate, propionate, and butyrate at a ratio of approximately 

60:25:10 (73).  Branched-chain fatty acids such as isobutyrate, valerate, and isovalerate 

and are produced in the colon as a result of protein fermentation (74).  Collectively 

SCFAs provide energy for the body in the range of 1.5 – 2.5 kcal/g (75).  SCFA 

production is influenced by several factors such as the number and type of microflora 

present in the colon, the fermentative substrate, and transit time through the large 

intestine (76,77).   

The large intestine efficiently absorbs SCFA with an overall rate of 95-99% (78).  

SCFAs are absorbed by three mechanisms:  bicarbonate SCFA exchange, nonionic 

diffusion of protonated SCFA and anion exchange (79-81).  Bicarbonate appearance is 
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linked to SCFA disappearance (81).  Nonionic diffusion of protonated SCFA involving 

hydration of luminal carbon dioxide accounts for 60% of SCFA absorption (81).  Anion 

exchange occurs through sodium-coupled monocarboxylate transport (SLC5A8) 

transporter in the colon (82).  Sodium is absorbed with SCFA causing a net absorption of 

water because of osmotic pressure.  This may have implications in the prevention of 

diarrhea (83).  Between 5-10% of SCFAs are not absorbed and excreted in the feces.  Due 

to the noninvasive nature of stool collection, many researchers collect stool samples for 

analysis of SCFAs assuming fecal SCFA are similar to colonic levels.  This practice has 

obvious drawbacks, but until a better noninvasive method is developed this practice will 

likely continue.   

Acetic acid is the most prevalent SCFA.  After absorption it is primarily 

metabolized for energy by peripheral muscles and the liver (77).   

Propionate, after absorption, is transported to the liver where it can undergo 

gluconeogenesis (77).  In addition, propionate has been found to inhibit cholesterol 

synthesis by some (84-86), but not others (87,88).  A proposed mechanism for decreased 

cholesterol biosynthesis involves inhibition of the enzyme 3-hydroxy-3-methylglutaryl-

CoA reductase, which is required in the first step in cholesterol biosynthesis (89).  These 

results were observed with addition of physiologically relevant concentrations of 2 mM 

propionate and 5 mM butyrate using Caco-2/TC-7 enterocyte cell lines (89).  However, 

until consistent results are observed in humans, the impact of propionate on cholesterol 

synthesis will remain controversial.   
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The third main SCFA is butyrate and can be formed directly or from the 

conversion of lactic acid by several bacterial species (90).  Butyrate is the preferred 

energy sources for colonic mucosal cells, supplying as much as 60-70% of energy needs 

(91,92).  Butyrate also has been shown to induce apoptosis in colon cancer cell lines and 

animal models, thereby eliminating cancerous cells before they further progress to 

malignancy and spread (93).  Butyrate has been found to decrease coloncyte proliferation, 

increase coloncyte differentiation, and decrease the risk of developing colon cancer (94-

98).   

SCFA production is assumed to be directly related to dietary fiber intake; 

however a recent study put this into question.  McOrist and colleagues examined free 

living individuals on their habitual diets for 12 weeks and found fecal SCFAs to be 

highly variable within and between individuals (99).  This study also found that dietary 

fiber intake from diet records did not correlate with fecal butyrate or total fecal SCFA 

concentrations (99).  This study puts into question the utility of measuring fecal SCFAs 

and if changes in levels are due to a dietary intervention or simply natural variation. 

Collectively fermentation and SCFA production reduce the pH of the large 

intestine due to release of hydrogen ions from acetate, propionate, butyrate, lactate, 

succinate, and bicarbonate.  The bulk of fermentation occurs in the cecum; therefore the 

cecum has a lower pH than the distal colon.  Changes in pH alter the competitive balance 

of various different bacteria and it is generally assumed that a decrease in colonic pH is 

beneficial for the host.  Furthermore, it has been suggested that high colonic pH may 

promote colon cancer through the conversion of bile acids to secondary bile acids (100).  
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This is simply a hypothesis and is virtually impossible to prove experimentally due to the 

long progression of colon cancer, but highlights the potential importance of fermentation 

in the gut.   

Gas Production 

In addition to SCFA production, gases are formed during fermentation of dietary 

fibers.  The three main gases produced during fermentation are carbon dioxide, hydrogen 

gas, and methane.  About 10% of these gases can diffuse into circulation where they are 

exhaled through the lungs and detected in the breath (101).  The rest of the unabsorbed 

gases are passed through the anus as flatus.   

Hydrogen gas is assumed to be ubiquitously produced in humans as the result of 

dietary fiber fermentation, however some studies report that up to 27% of people are non-

producers (102).  The bacteria family responsible for hydrogen gas production appears to 

be the Clostridia (101).  Hydrogen gas production can also be used as a proxy for fiber 

fermentation and can be used to predict transit time from the mouth to terminal ileum 

(103).   

Methane is produced from hydrogen and carbon dioxide by methanogenic 

bacteria particularly Methanobrevibacter smithii (104,105).  Only a relatively small 

subset of Western population produce methane gas with the reason being variations in the 

Methanobrevibacter smithii population levels within the colon (106).  Only 

approximately 30-38% of the Western populations produce detectable concentrations of 

methane gas in expelled air (107).  Methane is a non-toxic gas that is thought to consume 

hydrogen so it may not be converted to toxic hydrogen sulfide gas (104).  Interestingly, 
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when examining rural African populations, which have long been noted for low colon 

cancer rates, it was observed that between 80-91% of the population were methane 

producers indicating that it might play a role in colon cancer prevention (108).   

One theory of the role of methane in colon cancer is that it outcompetes sulfate-

reducing bacteria (109,110).  This is because sulfate-reducing bacteria produce hydrogen 

sulfide, which is a genotoxin and causes DNA damage through generation of free radicals 

(111,112).  Interestingly, Gibson has shown that a decrease in pH from 7 to 6 caused a 

50% reduction in hydrogen sulfide formation (113), which shows a potential link 

between low pH, high methane production, and low colon cancer rates in native Africans.   

Gastrointestinal Tolerance 

Gastrointestinal tolerance is an umbrella term used to for a variety of digestive 

maladies.  Dietary fiber is just one component of the diet that may negatively affect 

tolerance and is generally assumed to be caused by excessive gas formation in various 

sections of the gastrointestinal tract.  Some commonly reported issues are bloating, 

excessive flatulence, cramping, stomach noises, burping, gastroesphogeal reflux, and 

nausea.  These complaints are highly individualized and vary widely between people so a 

crossover study design is best so baseline tolerance can be compared to an intervention 

within each subject.    

The volume of gas usually present in the human intestinal tract is estimated to be 

between 100 and 200 mL (114).  Increases in gas can lead to several undesirable side 

effects such as flatulence, bloating, or abdominal pain which may decrease the 

acceptability of a high fiber diets.  The volume of gas produced from dietary fiber 
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fermentation is dependent upon dose as well as the type of substrate.  Research provides 

insights into how and why these side effects affect some individuals and not others. 

One way to examine gas dynamics is done by infusing gas and lipids into the 

intestines and observing the resulting physical symptoms.  As expected, this type of study 

has established a link between increased gas infusion and increased number of gas 

evacuations (115).  Also, some individuals retain more gas than infused, while others 

evacuate more gas than was infused (115).  Serra and colleagues reported that neither gas 

infusion rate nor volume of gas evacuated was correlated with abdominal discomfort.  A 

high proportion of individuals retaining 400 mL or more of gas reported more discomfort, 

which suggests that gas retention may be a good indicator of discomfort (115-117).  The 

reason for gas retention may be the result of dysfunction in reflex controls of gas transit 

(117).  In addition, the site of gas infusion influences the perception of abdominal pain.  

When comparing gas infusion into the jejenum or rectum, significantly higher abdominal 

discomfort was observed with the jejenal infusion (118).  As a result, it is assumed that 

the colon is better able to tolerate high gas volumes compared to the small intestine, 

which may account for the differences observed in the previous study.  Overall, the 

literature shows that gas volume is not the cause of the majority of abdominal discomfort, 

but rather an inability of patients to pass gas.  Gas produced from dietary fiber may not be 

the root cause of abdominal discomfort, but would contribute to discomfort in susceptible 

individuals. 

Investigators use self-reported questionnaire completed by the subjects during a 

dietary intervention are used to assess tolerance.  Tolerance questionnaires typically use a 
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numeric scale with or without descriptive anchors to quantify tolerance.  These scales 

range from 4 point to 10 point scales (119,120).  To date no standard questionnaire has 

been developed for gastrointestinal tolerance, which makes comparison of tolerance 

between studies somewhat difficult, but nonetheless the heart of all tolerance 

questionnaires is to assess the subjects’ gastrointestinal wellbeing.   

Section 4:  Satiety and Food Intake 

Measurement of Satiety and Food Intake 

Satiety is the perception or state of being satisfied following a meal and is related 

to the amount of time before initiating eating again (121).  Satiation is a term used for the 

satisfaction of appetite throughout a meal, which leads to a stopping of an eating 

experience (121).  Many different scales have been developed in order to assess this 

subjective measure (122).  Scales range from bipolar hunger-fullness scale, unipolar 

hunger scale, unipolar fullness scale, unipolar prospective food consumption scale, and a 

7-point bipolar hunger-fullness scale.  The diversity of satiety scales is great; however 

satiety is usually assessed using four validated satiety-related questions pertaining to 

hunger, fullness, satisfaction, and prospective food consumption (123).  Satiety questions 

are evaluated on a 100 mm line anchored statements such as “I am not hungry at all” on 

one end and “I have never been more hungry” on the other end (123).  Subjects are 

repeatedly asked to mark their perceptions of each question on the continuum of 100 mm 

line and their responses are then hidden to prevent earlier responses from influencing 

prospective responses.  Numerous studies have found these ratings to be correlated with 
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subsequent food intake (123-125).  The results of these measures are best used for within-

subject comparisons due to variability between subjects (123).   

Traditionally VAS scales were completed using pen and paper; however the 

recent development of electronic systems has facilitated a trend away from pen and 

paper.  Several studies have compared the two types of VAS scales simultaneously and 

found favorable correlations between them (125-127).  It is important to that these two 

scales should not be used interchangeably (125,127,128).  Overall, the electronic VAS 

has the advantage of instant measurement, ease of use, and reduced data entry time.   

Dietary fiber is thought to influence satiety due to its low calorie density, which 

allows it to displace other more caloric macronutrients.  Many studies have investigated 

the relationship between dietary fiber and satiety.  A review of satiety studies on dietary 

fiber from 1984 to 2000 found that the majority of studies had positive effects on energy 

intake (129). More recent studies have shown mixed results on the effect of dietary fiber 

on satiety as measured by VAS with many supporting satiety (130-134,134,135)and some 

refuting it (136-139).  Different dietary fibers, doses, and study populations influence the 

results of these studies, but overall dietary fiber has shown to have an effect on satiety 

despite mixed results. 

Another way to evaluate satiety is through ad libitum meals, where investigators 

are able to measure exactly how much a subject consumed at a given meal.  These meals 

usually consist of either a buffet or a single food and subjects are given a set time in order 

to consume the meal.  Ad libitum lunches given precise measures of energy intake, but 
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have the disadvantage of being labor intensive and rarely show differences in 

consumption.  An easier, albeit, less precise method involves completion of self-reported 

food diaries by subjects who are instructed to record all the foods and beverages along 

with the amount they consumed during a given period of time.  This method is most 

commonly used in chronic research studies to track longer term energy consumption.  

The disadvantage of food diaries is they require accurate recording by the subjects and 

foods need to entered into a diet analysis software program.  Nonetheless, these methods 

are the most commonly used in dietary intervention trials. 

The effects regarding dietary fiber on ad libitum food intake or energy 

consumption are mixed with several studies supporting it (132,134,140-142), but many 

do not (119,130,135-139).  Despite the common believe that dietary fiber reduces food 

intake, few studies actually support this belief and further research must be done to 

elucidate these effects. 

Section 5:  Test Fibers 

Polydextrose 

Polydextrose (PDX) is a water soluble fiber with a low viscosity formed from 

random polymerization of glucose with sorbitol and citric acid (143).  The result of this 

reaction produces several types of glycosidic linkages including α(1,3), (1,4), (1,6) and 

β(1,2), but the predominate linkage is α(1,6) (143,144).  PDX has a highly branched 

structure with an average degree of polymerization of 12 and average molecular weight 

of 2000 daltons (143).  Very little PDX is absorbed in the small intestine and only about 
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50% is fermented in the large intestine (143).  PDX yields approximately 1 kcal/g 

through bacterial fermentation and SCFA production (143,145,146).  

 In vitro data suggests PDX is slowly fermented significantly increases 

bifidobacteria (147,148).  Further evidence for its fermentation is the breath hydrogen 

response of a 11 g dose of PDX (149).  This study showed each g of PDX resulted in a 

breath hydrogen response of 9 ppm/hour (149).   

Feeding PDX at a dose of 30 g/day has yielded conflicting results for stool 

weight.  One study demonstrated significant increases in fecal weight compared to the 

control (150), whereas another study found no statistically significant differences in fecal 

wet and dry weight despite increases in fecal weight in 5 of the 6 subjects (145).  A 

recent study of 21 healthy men found that a 21 g/day dose of PDX resulted in significant 

increases in 5 day fecal dry weight compared to the control (120).  Interestingly this study 

found no difference in fecal wet weight, stool consistency, or ease of stool passage for the 

PDX compared to the control (120).  Results from a study feeding 30 g PDX daily found 

approximately 33% of PDX in the fecal dry matter (145).  Another study found increased 

self-reported stool volume at a daily dose of 15 g of PDX (151).  No differences in 

WGTT have been found when feeding PDX (145,150).   

The Vester-Boler study found no difference in stool pH and significantly lower 

concentrations of propionate, butyrate, and total SCFA compared to the control (120).  

They also reported reduced concentrations of harmful and putrefactive compounds like 

ammonia and branched chain fatty acids after PDX consumption (120).  The Vester-

Boler study also examined microbiota levels of Bifidobacterium, Lactobacillus, and 
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Escherichia coli.  Increased, but non-significant levels of Bifidobacterium were reported, 

while no changes were seen for Lactobacillus, and Escherichia coli levels (120).  

One side effect of PDX is flatulence, which is observed at doses as low as 

10g/day (150).  Also significant increases in self-reported diarrhea have been seen with 

PDX at a dose of 15 g/day (151).  Mild, but significantly increased levels of self-reported 

flatulence and distension was found after 21 g of PDX per day (120). 

 Few studies have examined the effects of PDX on satiety.  A study by King and 

associates found significant decrease in net energy intake between a 25 g dose of PDX 

and a control at an ad libitum lunch, whereas subjective hunger and fullness did not differ 

between PDX and the control (144).  Willis also found no difference in subjective satiety 

between a dose of 9.5 g PDX and a low-fiber control (133).  A study looked at the effects 

of a 190 kcal and 24 g PDX preload compared to an isoenergetic and low calorie preloads 

and  found no difference in hunger, fullness, or desire to eat between PDX and the 

isoenergetic treatment (152).  Furthermore, no difference was observed in energy intake 

at an ad libitum lunch between the PDX and isoenergetic or low calorie preloads (152).  

A recent study again examined the impact of 12 g of PDX compared to a low-fiber, 

isocaloric control and found no differences in subjective hunger, fullness, and desire to 

eat between the treatments (153).  However, the same study observed a significant 100 

kcal reduction in ad libitum lunch energy intake for the 12 g PDX treatment compared to 

the control (153).  Overall, mixed results have been found in the few studies that have 

examined the effects of PDX on satiety energy intake; however further investigation is 

needed to make a well informed conclusion.      
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Soluble Corn Fiber 

Soluble corn fiber (SCF) is produced from the hydrolysis of corn starch followed 

by random polymerization and has an average degree of polymerization of 10 (119).  

SCF consists of a mixture of α(1,4), α(1,6), α(1,2), and α(1,3) glycosidic linkages, with 

α(1,4) predominating (119,154).  SCF is water soluble with a low viscosity that is 

considered GRAS, which make it easy to incorporate into various foods (155).  Standard 

SCF contains >70% dietary fiber based on the AOAC 2001.03 method along with <20% 

simple sugars (155).  The energy value of SCF is approximately 2 kcal/g (120).   

 An in vitro digestion model showed that SCF approximately 17% digestible by 

human digestive enzymes including pancreatic enzymes and amyloglucosidase in a 

method similar to the AOAC method 2002-02 (156).  This study then subjected SCF to 

the TNO in vitro model of the proximal large intestine for 72 hours, which was designed 

to mimic the human proximal large intestine.  This model showed that SCF is readily 

fermented by intestinal bacteria derived from 20 healthy donor consuming a Western diet 

and produced a SCFA ratio of acetate:propionate:butyrate of 60:17:23 (156).  Also this 

study used a microarray chip to investigate any changes in the microbiota as a result of 

SCF fermentation.  These preliminary microbiota results were inconclusive in regards to 

a potential prebiotic for SCF (156).   

SCF also has been investigated using rat and mice models.  The first study 

examined the potential relationship between SCF fermentation and increased calcium 

absorption and bone strength (155).  Fifteen male Sprague-Dawley rats were assigned to 

the SCF group were fed AIN93 chow with 4% SCF and 1% cellulose and the control 
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group was fed the unaltered AIN93 chow.  After the rats were sacrificed, cecal SCFA 

concentrations were determined and found acetate, propionate and, total SCFA were 

significantly higher to the control group (155).  When looked at as a ratio SCFAs were 

61:24:9 acetate, propionate, and butyrate respectively (155).  When compared to the in 

vitro data, acetate levels were similar (61 v 60), propionate levels are higher (17 v 24), 

and butyrate levels were much lower (23 v 9) (155,156).     

Overall, there are very few studies published in the literature on the 

gastrointestinal effects of SCF in humans.  An early crossover study fed 20 healthy men 

and women SCF at a dose of 12 g/day then examined laxation, fecal chemistry, and 

gastrointestinal tolerance (119).  This study found no differences after a four-day fecal 

collection on the number of stools, total stool weight, stool consistency, stool pH, or total 

SCFA concentration between SCF and the control treatment (119).  This study also found 

significantly higher flatulence and stomach noises compared to the control (119).  

Another crossover study fed 21 g/day of SCF to 21 healthy men and examined effects on 

laxation, fecal chemistry, and gastrointestinal tolerance (120).  This study found SCF 

caused a significant increase in fecal wet and dry weight compared to the control (120).  

Other laxation related outcomes stool consistency and ease of stool passage were not 

different from the control (120).  No differences in acetate, propionate, butyrate, or total 

SCFA concentrations were found compared to the control; however, SCF significantly 

decreased stool pH (120).  Similar to the Stewart study, this study found significantly 

higher flatulence on the SCF treatment compared to the control while all other tolerance 

questions were similar (120).  Another study examined breath hydrogen and methane, 
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indicators of fermentation, after a 11 g dose of SCF and showed significantly higher 

hydrogen and methane 240 minutes after consumption (157).  These findings combined 

with previous findings of increased flatulence show that SCF is rapidly fermented in the 

gut. 

 A unique finding of  the Vester-Boler study was that Bifidobacterium levels 

significantly increased compared to the control, whereas no differences in Lactobacillus 

levels were observed in this study (120).  These findings suggest a potential prebiotic 

effect of SCF, which requires further investigation.  In all, the limited literature on SCF 

related to laxation and fecal chemistry show some inconsistencies that warrant further 

research along with the potential probiotic effect. 

The literature on the effects of SCF on satiety and energy intake is sparse, but 

suggests SCF may have a significant effect on energy intake.  A satiety study looked at 

the effects of a 190 kcal and 24 g SCF preload compared to an isocaloric and low calorie 

preloads.  This study found no difference in hunger, fullness, or desire to eat between 

SCF and the isocaloric treatment (152).  In contrast, the SCF preload caused a significant 

decrease in energy intake at an ad libitum lunch compared to the low calorie preload, but 

was not different from the isocaloric preload (152).  Another satiety study examined the 

effects of 11 g SCF compared to a low fiber isocaloric control on satiety, ad libitum lunch 

intake, and 24 hour intake.  This study found no differences in the AUC for the satiety 

perceptions, lunch intake, or 24 hour energy intake (157).  Lastly, no differences in 

energy consumption between SCF and the control based on three-day food records (119).  
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In all, the results are mixed on whether or not SCF influences satiety and energy intake, 

however any reduction in energy intake is beneficial. 

Other miscellaneous findings in humans regarding serum lipid, glucose, or 

hormone levels show nominal effects on these values.  Studies feeding 12 g/d SCF or  

low-fiber placebo found no effect of SCF on fasting glucose, insulin, or ghrelin levels 

(119,158).  Also no differences were observed in total triglycerides, total cholesterol, 

LDL cholesterol, or HDL cholesterol compared to the control (119). 
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Chapter 2:  Polydextrose and soluble corn fiber increase fecal wet and influence 

fecal chemistry in healthy men and women. 
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 Dietary fiber is a hot topic in the nutrition world and is being added to many 

commercially produced products.  As a result, many new functional fibers are being 

developed with positive sensory properties.  Two such fibers are polydextrose (PDX) and 

soluble corn fiber (SCF).  We conducted a randomized, placebo-controlled crossover 

study on the laxative effects of PDX and SCF at a dose of 20 g/day compared to a low 

fiber control in 36 healthy men and women.  Each treatment period was 10 days with a 

two week washout period.  Subjects collected fecal samples during the last five days of 

each treatment and completed food diaries and gastrointestinal tolerance questionnaires 

on days 1, 2, and 10 of each treatment period.  Five day fecal weight was significantly 

higher (p <0.0001, p = 0.0007) for PDX and SCF compared to the control.  Likewise, the 

number of stools and daily fecal output per day significantly increased on the PDX and 

SCF treatments.   No differences were seen for whole gut transit time using radio-opaque 

pellets (ROM).  PDX caused a significantly softer stool (p = 0.0018) than the SCF and 

control treatments.  Fecal pH was significantly lowered (p = 0.02) by the PDX treatment, 

whereas SCF trended (p = 0.07) toward a lower pH compared to the control.  Subjects 

consuming PDX and SCF reported mild, yet significantly higher flatulence and 

borborygmi compared to the control.  PDX and SCF clearly show a laxative effect for 

these fibers with minimal gastrointestinal tolerance issues. 
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Introduction 

Dietary fiber has several well-noted physiological effects including improved 

laxation, plasma glucose attenuation, and blood lipid reduction (4).  Despite these 

benefits, the average dietary consumption remains low at approximately 12-18 g/day, 

substantially lower than the recommended levels of 25 g/day for women and 38 g/day for 

men (4).  A possible way to reduce this gap is by incorporating functional fibers into 

commercially produced products.  With many new functional fibers being developed, it is 

imperative to examine their physiological effects.  Two such functional fibers are 

polydextrose (PDX) and soluble corn fiber (SCF), which are not broken down in the 

small intestine, but partial fermented in the colon (144,145,156).  PDX is formed from 

random polymerization of glucose with sorbitol and citric acid with the predominate 

linkage being α-1,6 (144).  SCF is produced from the hydrolysis of corn starch and 

consists of a mixture of α-1,4, α-1,6, α-1,2, and α-1,3 glycosidic linkages (119).   

Laxation studies of novel fibers, including PDX and SCF are somewhat limited.  

Laxation is typically described as changes in stool weight, stool frequency, whole gut 

transit time (WGTT), or changes in fecal chemistry.  Stool weight studies of PDX are 

conflicting with some show significantly increases while others show no difference 

(120,145,150,159).   To date, no difference in WGTT was found with PDX compared to a 

control (145,150).  Some studies find a significantly softer stool with consumption of 

PDX, whereas some results are conflicting (119,120,159).  Little in vivo data are 

available on SCF, but it increases SCFA production in vitro (156).  Only two crossover 

studies have been conducted on SCF to date and one found no differences after a four-
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day fecal collection in the number of stools, total stool weight, stool pH, or total SCFA 

concentration (119).  The other study found a significant increase in five-day fecal dry 

matter, a significant decrease in stool pH, but no difference in total SCFA concentration 

compared to a control (120).  Both studies found significantly higher flatulence compared 

to the control (119,120).   

Since relatively little research exists regarding the gastrointestinal effects these 

fibers; we designed a study to examine the laxative effects of PDX and SCF compared to 

a no fiber control.  Laxation was examined by five day fecal wet weights, gastrointestinal 

transit time, and stool consistency.  Fecal chemistry was investigated by fecal short chain 

fatty acids (SCFA) and pH.  Additionally, a self-reported gastrointestinal tolerance 

questionnaire was used to measure flatulence, bloating, cramping, borborygmi, nausea, 

diarrhea, and constipation. 

Methods 

Subjects 

Thirty-six subjects (18 males, 18 females) were recruited from the University of 

Minnesota by fliers posted on campus and screened by telephone.  The participants were 

required to be age 18 or older, have a BMI between 18.5 and 30, be free of medication 

use, have no chronic diseases, and consume an approximately 15 grams of fiber per day.  

All subjects had to be free of antibiotic use for at least 3 months prior to study 

enrollment.  Exclusion criteria included diagnosis of heart, liver, or kidney disease, 

diabetes, any gastrointestinal conditions, taking anti-diarrheal or constipation 
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medications, vegetarians, consumption of prebiotic or probiotic supplements, and non-

breakfast eaters.   Data on the subject population can be found in table 1.   

Study Design 

The study protocol was approved by the University of Minnesota Institutional 

Review Board and all subjects gave informed consent prior to beginning the study.  

Subjects were randomly assigned into a Williams designed double-blind, placebo-

controlled cross-over study with six different treatment orders that balances for crossover 

effects.  Each subject completed three treatment periods where they consumed either 20 

g/day of PDX (STA-LITE® Polydextrose; Tate and Lyle Ingredients, Decatur, IL, USA), 

SCF (PROMITOR™ Soluble Corn Fiber; Tate & Lyle Ingredients, Decatur, IL, USA) or 

a no fiber control in the form of a breakfast cereal and a muffin.  The cereal and muffins 

were formulated and produced by General Mills Inc. (Minneapolis, MN, USA) and 

matched for calories and macronutrient content.  The nutritional information of the test 

products can be found in Table 2.  The cereal and muffins were analyzed for total fat, 

protein, dietary fiber, and weight.  Total dietary fiber was assessed along with soluble and 

insoluble fiber.  Resistant oligosaccharides were determined according to the Association 

of Official Analytical Chemists methods.  Carbohydrate was calculated by subtraction.  

Subjects consumed one packet of cereal and one muffin each day for the 10-day 

treatment period.  A minimum of a 2-week washout period was completed between each 

treatment period.   

Stool Collection and Analysis 
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Subjects maintained a stool diary during each treatment period.  On the morning 

of the 6
th

 day of each treatment period subjects swallowed a single dose of 20 

radioopaque markers (ROM) and recorded the time at which this was done.  The time at 

which the pellets were swallowed served as the baseline for transit time calculations.  

Participants then collected all their fecal samples over the next 5 days of each treatment 

period using a Commode Specimen Collection System (Sage Products, Crystal Lake, IL, 

USA).  Each fecal sample was then placed on ice until it could be returned to our 

laboratory and frozen at -20°C.  The fecal samples were weighed individually in a bag, 

the average weight of an empty bag was subtracted, and total 5 day stool weight 

calculated.  Whole gut transit time (WGTT) was investigated by x raying each sample to 

observe the passage of the ROM pellets.  The 80% transit time method of Hinton was 

used to calculate WGTT, where the time to pass 80% of ROM pellets approximates 

WGTT (25).   

The final fecal sample of each treatment period was used for determination of 

stool consistency, pH, and SCFAs.  The investigators assigned stool consistency using 

the Bristol stool consistency chart, which quantitatively assigns each stool a number 

based on comparison to the chart (49).  Stool pH was assessed using an electrode pH 

meter (PerpHecT_ LogR_ meter model 350, Orion Research, Inc., Beverly, MA, USA).  

SCFA extraction was completed using diethyl either with ethyl butyrate serving as an 

internal standard as described earlier (119).  SCFA concentrations were determined using 

a Hewlett-Packard 5890 Series gas chromatograph (Palo Alto, CA, USA) with Stabilwax-

DA fused silica column (30m long; inner diameter, 0.52 mm; film thickness, 1 mm; 
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Restek, Bellefonte, PA, USA).   Helium served as the carrier gas with a flow rate of 30 

ml/min.  The oven, injector, and detector temperatures were 110, 220 and 240°C 

respectively. 

  Gastrointestinal Tolerance 

 Subjects completed self-reported gastrointestinal tolerance survey on days 1, 2, 

and 10 of each treatment period.  Each survey consisted of 7 questions regarding levels of 

flatulence, bloating, cramping, stomach noises, nausea, constipation, and diarrhea they 

experienced each day.  Subjects ranked each symptom based on a 0-10 scale where 0 

corresponds to no symptom and 10 correspond to the worst imaginable symptom.  This 

scale was based on an earlier published study from our lab group (119).  The sum of these 

3 days was used to determine the tolerance of each treatment.  In addition, we asked a 

quality of life question regarding how changes in bowel function may have influenced the 

subject’s daily life ranging from not at all to always.  This quality of life question was 

adapted from a longer validated bowel function instrument created for rectal cancer 

patients (160). 

Dietary Intake 

Participants completed food diaries on days 1, 2, and 10 of each treatment period.  

All caloric foods and beverages except test products were recorded and entered into 

Nutrition Data System for Research (NDSR, Minneapolis, MN).  Total calories, protein, 

fat, carbohydrates, and dietary fiber of the background diet were averaged between the 3 

days and compared between treatments.     

Statistical Analysis 
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Differences between treatments were compared for all study endpoints using a 

mixed effects linear model by SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA).  A 

general linear model was used for each outcome variable with a random intercept for 

each subject.  This model was also used to examine period and carryover effects.  

Statistical significance was achieved at p < 0.05 and a p value between 0.01 and 0.05 was 

considered a trend.  

Results 

All thirty-six of the study participants finished the study and completed all of the 

study measurements.  The background dietary information shows no differences between 

the treatment periods for dietary fat, protein, CHO, dietary fiber, or energy (Table 3).  

The background diet consisted of about 14 grams of dietary fiber per day with no 

differences between the treatment groups.  Therefore, dietary fiber intake of the 

background diet is similar to a typical American diet and changes in fecal parameters can 

be attributed to the supplemental dietary fiber and not the background diet.      

Stool weight for the PDX and SCF treatments was significantly higher compared 

to control period (p <0.0001, p = 0.0007) (Table 4).  Likewise, the number of stools 

passed during the PDX and SCF periods was significantly higher than during the control 

period (p < 0.0001, p = 0.0005).  However, significant treatment period interaction was 

observed for the number of stools (p = 0.0052).  In contrast, no differences in the average 

weight per stool were observed between treatments.  PDX had a significantly higher daily 

output compared to the control (p = 0.02); whereas SCF showed a trend of increased fecal 

output compared to the control (p = 0.08).  Fecal wet weight increased compared to 
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control per gram of supplemental fiber during the 5 day collection period showed PDX 

increased fecal weight by 2.07 g/g and SCF produced an increase of 1.62 g/g.   

All ROM pellets passed during the 5 day collection indicating excellent 

compliance to the study protocol.  Despite this, we did not observe any difference in 

WGTT between the fiber treatments and the control (Table 4).   

The stool consistency determined by the investigators based on the 7-point Bristol 

Stool Consistency Chart showed that PDX had a significantly softer stool (p = 0.0018) 

than both SCF and the control (Table 4).  Additionally, fecal pH was significantly lower 

(p = 0.02) in the PDX treatment compared to the control, whereas SCF trended (p = 0.07) 

toward a lower pH compared to the control.  

Total SCFA concentration was higher in the control than the PDX but the same as 

the SCF treatment (Table 5).  SCF and control had higher acetate concentrations than 

PDX.  Propionate concentrations were significantly different for all treatments with in the 

control being highest, followed by SCF, and PDX had the lowest concentration.  The 

control had a significantly higher butyrate concentration than PDX, but was not different 

from SCF.  When examined as ratios actate:proptionate:butyrate of the total the control 

treatment was (33.6:31.5:34.9), PDX was (33.8:32:34.2) and SCF was (35.3:30.9:33.8).  

SCF had a significantly higher acetate ratio than the control and tended to be higher than 

PDX.  Propionate and butyrate ratios were not different between the treatments. 

The subjective tolerance scores were all minimal, indicating that the fiber 

treatments were well-tolerated by the study participants (Table 6).  Significant differences 

were observed with flatulence and stomach noises being higher for both treatments 
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compared to the control.   All other questions showed no difference between the 

treatments. 

Discussion 

Although the laxative effects of fiber are generally accepted, few studies exist on 

the ability of novel fibers to affect laxation.  No one indicator of laxation is accepted, but 

objective measures including stool weight and transit time are needed to determine if 

fibers improve laxation.  Our study clearly shows laxative effects of both PDX and SCF.  

Five-day fecal weight and stool frequency was greater for both PDX and SCF compared 

to the control treatment.  PDX and SCF were tolerated at a dose of 20 grams per day.  

This was in addition to the usual fiber intake of our subjects, suggesting that both SCF 

and PDX can be added to usual American diets and will increase stool weight without 

causing gastrointestinal tolerance issues.  

Previous studies have found inconsistent results of PDX and SCF on stool weight, 

but these studies fed these fibers in doses of 8-12 g/day (119,159,161).  The recent 

Vester-Boler study investigated the laxative effects of 21 g/day of PDX and SCF in adult 

men and found PDX and SCF increased fecal wet weight compared to the control (120).  

Interestingly they found a greater laxative effect of SCF than PDX, whereas we found no 

differences in stool weight between the fibers.  It is worth noting that not all fibers affect 

stool weight equally.  Cummings compared the increase in stool weight among different 

fibers and expressed results as grams of increase in stool weight per gram of fiber fed 

(15).  Of course, these studies were conducted in different ways and fiber measured by 

different methods, so these values should be used as estimates.  Still, large differences 



 

 44 

were found among fibers. The laxative effects of some other common fibers such as 

wheat bran (~5.0-5.5 g wet weight/g), cellulose and cellulose derivatives (~3-4 g wet 

weight/g), psyllium (~3-4 g weight weight/g), pectin (~1-2 g wet weight/g) suggest that 

fibers that survive gut transit, i.e. wheat bran and cellulose, are more effective at 

increasing stool weight than fibers that are extensively broken down in the gut, i.e. pectin.  

We observed increases of 2.07 and 1.62 increases in fecal weight per gram of PDX and 

SCF respectively.  The Vester-Boler study noted a similar trend, but with lesser increases 

of 1.4 and 0.9 fecal weight/g of PDX and SCF (120).  Taken together our study and the 

Vester-Boler study clearly show laxative effects of PDX and SCF at a dose of 20 g/day.  

PDX and SCF increased fecal output to 166 and 157 g/day compared to 125 g/day 

on the control treatment.  This is a noteworthy finding since it has been observed that a 

stool output of greater than 150 g/day may reduce the incidence of colon cancer (11,162).   

Spiller has discussed the optimal stool weight and it is well known that populations 

consuming diets high in resistant carbohydrates have stool weights above 500 g/day 

(163). 

We did not observe significant differences in WGTT in this study.  Previous 

results in PDX and transit time are mixed with one study finding no change in transit time 

with 30 g/day (150); whereas another study found 8 g/day PDX decreased orofecal transit 

time; however this study used colored dyes to examine transit time (159).  Changes in 

WGTT are most important when examined in the context of diarrhea (fast transit) or 

constipation (slow transit); however since we screened these populations out it may not 

be a surprise that we did not see a difference in transit time.  Furthermore, in the absence 
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of a functional bowel disorder, changes in WGTT have little tangible benefit.  It is worth 

noting that a faster WGTT is related to a higher stool weight is thought to be linked to a 

reduced chance of developing colon cancer due to decreased exposure of cytotoxic 

compounds to the colonic epithelial cells (11). 

The fecal pH of PDX was significantly lower than the control treatment, which is 

an indicator of fermentation.  SCF was similar to the control treatment in this study and 

has been noted in a previous study (119).  In contrast, the Vester-Boler study found SCF 

to have a significantly lower pH compared to the control, whereas the PDX was similar to 

the control and SCF (120).  A randomized non-crossover study of 120 Chinese men and 

women showed a dose response decrease is stool pH with doses of PDX of 0, 4, 8, and 12 

grams (161).  Therefore, it is difficult to establish a consistent trend between our study 

and the Vester-Boler study for PDX and SCF.  Nonetheless, any decrease in fecal pH is 

important because a more acidic pH may inhibit the growth of some pathogenic bacteria 

including Clostridium perfringens, decrease conversion of bile acids to carcinogenic 

secondary bile acids, and may make minerals more soluble thereby increasing absorption 

(92,100).  

A significantly softer fecal consistency for the PDX was observed in our study, 

with the SCF and control being similar.  Other recent studies on PDX and SCF did not 

observe any differences in stool consistency compared to the control (119,120,164).  It is 

worth noting that we used the 7 point Bristol stool consistency scale to determine the 

consistency, whereas the other studies used 4 or 5 point scales that may not have been as 

sensitive to changes in stool consistency as the 7 point scale we used.   
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The benefits of SCFAs on gut health are well-noted, especially the role of 

butyrate as an energy source for the colonocytes and cell proliferation and differentiation 

(77).  Contrary to what we would expect, total SCFA concentration was significantly 

lower for PDX compared to the control while SCF was similar to both treatments.  With 

the consumption of 20 grams of fermentable fiber, one would expect higher SCFA 

concentrations compared to a low fiber control; however it is possible that the increased 

fecal weight may have diluted the SCFA concentrations.  Interestingly, a dilution effect 

has been suggested in other recent studies examining PDX and SCF (120,164).  Also it 

should be noted that the majority of SCFA are produced in the proximal colon and 

approximately 95% of SCFA are absorbed soon after production; therefore, fecal SCFAs 

are more representative of distal colon concentrations rather than the proximal colon (92).  

Furthermore, the in vitro data on PDX shows it produces low SCFA concentrations 

compared to other fibers; therefore supporting our current findings (147,165).   

Apart from looking at concentrations, ratios of SCFA are a useful way to compare 

SCFA across studies.  Comparing our SCFA ratio results with previous studies shows a 

marked difference in the SCFA ratios.  The Vester-Boler study found a higher acetate 

ratio and lower propionate and butyrate ratio for PDX and SCF of (68:18:15) and 

(67:19:15) respectively; whereas   our results were (33.8:32:34.2) for PDX and 

(35.3:30.9:33.8) for SCF (120).  Our SCFA ratios compare more favorably with an earlier 

study by our lab group that showed SCF had a ratio of (43:26:31) (119).  These 

differences in ratios may be due to differences in gut microflora or extraction method.  

The Vester-Boler study extracted SCFA from the fecal dry matter, whereas our study and 
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the Stewart study extracted SCFA from the wet stool.  This highlights the need for a 

standardized SCFA extraction method so that results can be compared among studies.   

Nonetheless, measurement of fecal SCFA is still important since there currently is not a 

better way to non-invasively measure them in humans.   

The increase in flatulence on the fiber treatments is expected due to an increase in 

fermentable substrate in the colon.  Although this increase in flatulence was statistically 

significant; the absolute level on the scale was still relatively mild with an average of 3 

out of 10.  Recent studies indicate that a significant increase in flatulence is common for 

both fibers (119,120,164).  Likewise, the significant increase in stomach noises was 

relatively mild with an average of 1.25 and 1.3 on the PDX and SCF respectively.  

Overall, the PDX and SCF did have significant increases in tolerance symptoms; 

however no serious incidences were reported indicating that a split 20 gram dose of PDX 

and SCF is well tolerated. 

Thus, both PDX and SCF increase stool weight in healthy subjects when the 

fibers are added to cereal and muffins.  An increase in stool weight is accepted as a 

biomarker of improved laxation.  The addition of these fibers to processed foods and 

beverages should improve bowel health. 
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Table 1.  Subject Data (Mean values ± SD) 

 Age Height (in) Weight (lb) BMI 

Total 25.8 ± 9.1 68.0 ± 3.4 153.4 ± 24.8 23.3 ± 2.9 

Men 25.4 ± 8.7 70.4 ± 2.4 163.7 ± 20 23.1 ± 1.9 

Women 26.2 ± 9.9 65.6 ± 2.3 143.2 ± 3.7 23.4 ± 3.7 
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Table 2.  Nutritional Composition of Study Cereal and Muffin  

Study 

Product 

Serving 

size (g) 

Fat 

(g) 

Protein 

(g) 

Sugar 

(g) 

Soluble 

Fiber 

(g) 

Insoluble 

Fiber (g) 

RO Total 

Fiber 

(g) 

Energy 

(kcal) 

Control 

Cereal 

45 1.3 2.2 10.1 0.3 0.6 0.5 1.4 175 

PDX 

Cereal 

53 1.5 2 10 0.3 0.7 10.2 11.2 174 

SCF 

Cereal 

51 1.4 1.8 10.1 0.3 0.6 10.5 11.4 171 

Control 

Muffin 

79.1 4.8 3.6 12.6 0.6 1.2 0.5 2.3 191 

PDX 

Muffin 

89.8 4.8 3.6 12.5 0.9 1.3 9.5 11.7 186 

SCF 

Muffin 

86.8 4.9 3.6 12.7 0.8 1.2 9.7 11.7 188 

*Diet records were analyzed using NDSR 

*RO stands for Resistant Oligosaccharide 
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Table 3.  Daily Food Intake from Three Day Food Diary (Mean ± SD) 

 Control PDX SCF 

Fat (g) 78.9 ± 45.2 76.4 ±35.4 76.8 ± 38.0 

Protein (g) 81.6 ± 37.9 79.0 ± 30.6 77.5 ± 34.0 

CHO (g) 222.1 ± 104.6 222.8 ± 93.7 212.7 ± 92.5 

Soluble Fiber (g) 4.1 ± 2.5 4.3 ± 2.5 4.3 ± 2.3 

Insoluble Fiber (g) 9.2 ± 5.9 9.0 ± 4.8 10.2 ± 7.0 

Total Fiber (g) 13.5 ± 8.1 13.4 ± 6.9 14.6 ± 8.8 

Energy (kcal) 1959 ± 907 1908 ± 668 1900 ± 720 

* Data displayed as mean values ± SD within each row treatments with unlike letters are 

significantly different (p < 0.05) 
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Table 4. Stool Weight and Characteristics (Mean ± SD) 

 Control PDX SCF 

WGTT 52 ± 22 50 ± 23 56 ± 24 

5 day fecal wet weight 623 ± 342
b
 830 ± 443

a
 785 ± 364

a
 

Number of stools  4.4 ± 2.1
b
 5.5 ± 2.3

a
 5.3 ± 2.1

ab
 

Fecal wet weigh/stool 150 ± 59 163 ± 73 155 ± 66 

Stool wet weight/day 125.2 ± 68.1
b
 166.1 ± 88.7

a
 157.0 ± 73.0

ab
 

Fecal Weight 

increase/ g fiber 

supplemented 

- 2.07 1.62 

Fecal pH 6.55 ± 0.36
b
 6.37 ± 0.39

a
 6.41 ± 0.50

ab
 

Stool Consistency 3.86 ± 1.38
b
 4.64 ± 1.31

a
 3.89 ± 1.47

b
 

* Data displayed as mean values ± SD within each row treatments with unlike letters are 

significantly different (p < 0.05) 
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Table 5. SCFA concentration in µmol/g stool wet weight  (Mean ± SD) 

 Control PDX SCF 

Acetate 18.65 ± 4.79a 15.55 ± 4.92b 17.67 ± 5.34a 

Propionate 17.50 ± 5.36a 14.68 ± 4.70c 15.48 ± 5.12b 

Butyrate 19.37 ± 9.86a 15.70 ± 7.98b 16.95 ± 7.08ab 

Total SCFA 55.52 ± 17.31a 45.93 ± 16.30b 50.09 ± 16.10ab 

*Data displayed as mean values ± SD within each row treatments with unlike letters are 

significantly different (p < 0.05) 
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Table 6. Gastrointestinal Tolerance  (Mean ± SD) 

 Control PDX SCF 

Flatulence 2.06 ± 1.81
b
 2.86 ± 1.89

a
 2.99 ± 1.96

a
 

Bloating 1.19 ± 1.59 1.23 ± 1.17 1.12 ± 1.37 

Cramping 0.49 ± 1.04 0.58 ± 0.95 0.74 ± 1.22 

Borborygmi  0.74 ± 0.67
b
 1.25 ± 1.2

a
 1.30 ± 1.17

a
 

Nausea 0.15 ± 0.45 0.08 ± 0.22 0.13 ± 0.41 

Constipation 0.47 ± 1.10 0.34 ± 0.65 0.36 ± 0.70 

Diarrhea 0.09 ± 0.27 0.24 ± 0.51 0.26 ± 0.67 

*Data displayed as mean values ± SD within each row treatments with unlike letters are 

significantly different (p < 0.05) 
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Chapter 3 Assessment of acute satiety and food intake of polydextrose and soluble 

corn fiber in healthy adults. 
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High intakes of dietary fiber are associated with lower body weight and body fat.  

It is thought that this relationship exists since dietary fiber can enhance satiety and 

decrease energy intake.  We conducted a randomized placebo-controlled crossover study 

to investigate the effects of the functional fibers polydextrose and soluble corn fiber on 

satiety and food intake.  Thirty-six men and women consumed 10 grams of fiber or a low 

fiber control with 10 oz of 2% milk and completed 4 satiety related questions for 4 hours.  

After the acute visit, subjects consumed 20 grams of fiber per day or a low fiber control 

for 10 days while completing a food diary on 3 of those days.  No differences in the 4 

satiety related questions were observed between the PDX, SCF, and control treatments.  

Likewise, dietary intake from the food diaries showed no difference in energy intake 

between the treatments.  In conclusion, PDX and SCF at a dose of 20 g/d do not affect 

acute satiety or energy intake in healthy humans. 
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Background 

Dietary fiber is thought to influence satiety by three different mechanisms as 

suggested by Heaton (166).  The first potential mechanism involves a decreased energy 

density since fiber displaces more energy dense nutrients.  The second mechanism is the 

increased mastication and secretion of saliva that can expand the stomach and increase 

satiety.  The third involves decreased or slowed absorption of nutrients in the small 

intestine that may alter hormone levels.  In addition to potential mechanisms, it is has 

been observed that individuals with higher intakes of fiber has lower body weights and 

body fat (167-169).  Many review articles also suggest that dietary fiber plays a role in 

satiety and weight management (129,170,171).  Nonetheless, due the wide array of 

dietary fibers it is imperative to study each specific type of dietary for potential effects on 

satiety.  Two novel fibers, which can be incorporated into commercial products to close 

the fiber gap are polydextrose (PDX) and soluble corn fiber (SCF).  PDX is a soluble 

fiber formed from random polymerization of glucose with sorbitol and citric acid, with 

the predominate linkage being α-1,6 (144).  SCF is a soluble fiber produced from the 

hydrolysis of corn starch and consists of a mixture of α-1,4, α-1,6, α-1,2, and α-1,3 

glycosidic linkages (119).  These fibers have shown promise as functional ingredients by 

promoting laxation and attenuating glycemic responses (144).   

Unfortunately, the literature is sparse on the effects of PDX and SCF in regards to 

satiety and food intake.  Several studies have examined PDX and have found conflicting 

results on its affects on satiety with some showing a significant effect (144), while others 

do not (120,133,152,153).  However, despite no difference in subjective feelings of 
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satiety, some differences in energy intake have been noted (144,153).  The effects of SCF 

on acute satiety have not been well-studied with only two studies examining SCF acutely.  

One study showed suppressed hunger, increased fullness, and decreased desire to eat for 

a 12 g/day dose of SCF compared to a low calorie control, but no differences to an 

isocaloric low fiber control (152).  In contrast, a recent study found no difference in acute 

satiety between 11 grams of SCF and a low fiber control (157).  Monsivais and 

colleagues found SCF decreased energy intake at an ad libitum lunch compared to a low 

energy control, but did not significantly decrease energy intake compared to the 

isocaloric low-fiber control (152).  Three previous studies have examined energy intake 

by diet records after SCF consumption; however neither study saw a difference between 

the fiber and control treatments (119,120,157).   

Overall, the literature on PDX and SCF is sparse and conflicting in regards to 

satiety and energy intake; therefore it is imperative to study the effects of each individual 

fiber.  As a result, we conducted a clinical trial to examine the potential effect of the 

functional fibers PDX and SCF on satiety using the standardized visual analog scale 

(VAS) questions and measured food intake via food diaries.   

Methods 

Study Design 

The study used a randomized crossover design with 2 week washout periods 

between 10-day treatment periods.  Each subject completed three treatment periods where 

they consumed either 20 g/day of PDX (STA-LITE® Polydextrose; Tate and Lyle 

Ingredients, Decatur, IL, USA), SCF (PROMITOR™ Soluble Corn Fiber; Tate & Lyle 
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Ingredients, Decatur, IL, USA) or a no fiber control in the form of a breakfast cereal and 

a muffin.  Subjects were instructed to consume one packet of cereal and one muffin each 

day for the 10-day treatment period.  Three men and three women were randomly 

assigned to each of the six sequences for the three treatments, balancing any carryover 

effects.  

Subjects 

Thirty-six participants (18 men and 18 women) were recruited from the 

University of Minnesota community and screened via telephone.  Inclusion criteria were 

as follows:  age 18-65, weight stable, BMI 18.5-30, free of chronic diseases or significant 

medical history.  Exclusion criteria included use of tobacco products, recent antibiotic use 

(<3 months), chronic diseases affecting metabolic processes, currently dieting, pregnant, 

lactating, or had irregular menstrual cycles, taking medications that influence 

gastrointestinal transit, vegetarian diet, consuming fiber supplements, prebiotics, or 

probiotics, breakfast non-consumer, and high-intensity athletes.  Subjects were randomly 

assigned into a treatment order in the order, which they entered the study.  Characteristics 

of the study participants can be found in Table 1.  Informed consent was attained prior to 

beginning the study and the study protocol was approved by the Institutional Review 

Board at the University of Minnesota.   

Study Protocol 

Prior each study visit, subjects were instructed to fast for 12 hours and refrained 

from strenuous physical activity and alcohol.  Women participated in the study during the 

follicular phase of their menstrual cycle (35).  Subjects were required to participate in the 
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study at the same time for each study visit.  Upon arriving for their study visit, height and 

weight recorded and adherence to the fasting protocol was confirmed.  Acute satiety was 

assessed before and after a standard breakfast containing one packet of breakfast cereal 

and 10 oz of 2% milk.  Subjects were given 10 minutes to consume the breakfast cereal 

and milk, which provided approximately 325 kcal and 10 grams of supplemental fiber.  

The nutritional composition of the cereal and muffins can be found in Table 2.  A 

computerized 100 mm visual analog scale (VAS) was used to assess four validated 

satiety-related questions:  How hungry do you feel?  How satisfied do you feel?  How full 

do you feel? How much do you think you can eat?  These questions were asked at 

baseline, 15, 30, 45, 60, 90, 120, 180, and 240 minutes after consuming the standard 

breakfast and were previously validated (123).  VAS ratings were quantified by 

measuring in millimeters the distance between the left end of the scale and the marked 

point.  In between rating satiety, participants were held in a quiet room and permitted to 

read.  A breath sample was taken for hydrogen analysis at baseline and 240 minutes.  The 

following characteristics were used to assess the palatability of the cereal:  visual appeal, 

smell, taste, aftertaste, and overall pleasantness at 30 minutes after consuming the cereal.  

Each palatability question was rated on a 100 mm line where 0 is good and 100 is bad, 

except aftertaste was rated the opposite with 0 being good and 100 being bad.   

At the end of the each acute satiety visit, participants were given a 10 day supply 

of cereal and muffins and were instructed to consume a muffin later on day one and then 

one packet of cereal and one muffin on subsequent days.  Subjects were required to 
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consume the test product, but were allowed to consume other foods and beverages in 

addition to the test products.     

Breath Hydrogen Collection and Analysis 

 

To determine breath hydrogen concentrations at baseline and 240 minutes, breath 

samples were analyzed using a Quintron model DP microlyzer (Quintron Instrument 

Company, Milwaukee, WI).  After calibration, the concentration of hydrogen was 

analyzed by injecting 20 mL of expelled gas into the MicroLyzer.  Each sample was 

analyzed in triplicate with the accuracy of the detector for a single sample being 3–4 ppm 

hydrogen.     

Food Intake 

Subjects recorded all the food and beverages they consumed on days 1, 2, and 10 

of each treatment period.  Food records were entered into Nutrition Data System for 

Research (NDSR, Minneapolis, MN).  Total calories, protein, fat, carbohydrates, soluble 

fiber, insoluble fiber, and dietary fiber were averaged between the 3 days and compared 

between treatments.   

Statistical Analysis 

Subject demographic data is presented as mean ± SD.  Treatments were compared 

using mixed-effects linear models with treatment and visit as fixed effects and with a 

random intercept for each subject to model correlation between repeated measurements 

from the same subject.  For each outcome, equal carryover and treatment-visit interaction 

were checked by these mixed-effects models.  The VAS responses were used to calculate 

the area under the curve (AUC) for each question using the trapezoidal rule then the 
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baseline level was subtracted from all subsequent responses.  Statistical significance was 

achieved at p < 0.05 and a p value between 0.1 and 0.05 was considered a statistical 

trend.  Data analysis was performed by SAS version 9.2 (SAS Institute, Inc., Cary, NC, 

USA).     

Results 

 

Visual Analog Scale 

No differences were seen for any of the four satiety questions at baseline in Table 

3.  The change from baseline AUC for hunger, satisfaction, fullness, and prospective food 

intake also did not differ between the treatments in Figure 1. 

Food Intake 

 Dietary intake on days 1, 2, and 10 were pooled and averaged and can be found in 

Table 4.  No differences (p > 0.05) in energy, protein, fat, carbohydrate, soluble fiber, 

insoluble fiber, and total fiber were seen among the treatments.  

Palatability of Test Cereal 

The analysis of palatability showed some variation between the treatments.  No 

significant differences in visual appeal, aftertaste, and overall pleasantness were seen 

among treatments (data not shown).  SCF had a significantly worse smell than PDX (p = 

0.01) and tended to be worse than the control (p = 0.07).  A statistical trend (p = 0.06) 

was identified between the PDX and SCF treatments for taste.  Taken together the 

palatability rating may suggest a lower acceptability of SCF compared to PDX. 

Breathe Hydrogen 

No differences in breath hydrogen levels at baseline were observed and can be 

found in Table 5.  Breath hydrogen levels were significantly higher at 240 minutes for 
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both fiber treatments compared to the control (p < 0.05).  Furthermore, the absolute 

change from baseline showed significant increases in breath hydrogen for PDX and SCF 

compared to the control (p < 0.05).   

Discussion 

 One commonly held belief is that dietary fibers reduce hunger and increase 

fullness.  This notion is largely the result of observational and epidemiological studies 

that show people with high dietary fiber intakes tend to weigh less than those who have 

low fiber intakes (167-169).  These studies generally clump all types of dietary fiber 

together, so it is especially important to examine the effect of novel dietary fibers with 

unique structures or properties on satiety.  Fiber type and doses influence the effect of 

fiber on satiety.  The literature shows that large doses of dietary fiber are needed to illicit 

differences in satiety cues.  However such large doses of dietary fiber are not practical 

and can cause gastrointestinal discomfort.  To date there is little information regarding 

the effects of PDX or SCF on satiety and food intake using practical doses in the 

literature.   

PDX and SCF did not alter the sensations of hunger, satisfaction, fullness, or 

prospective food intake compared to control in the current study.  Our results corroborate 

an earlier study that found 9.5 g of PDX in the form of a muffin did not increase the AUC 

of hunger, satisfaction, fullness, or prospective food intake compared to a low fiber 

control (133).  Furthermore, PDX only decreased hunger below baseline for 15 minutes, 

whereas all other treatments including the control did so for at least 60 minutes indicating 

that PDX is not very satiating; unfortunately, this study did not measure ad libitum food 

intake so that a relationship with energy intake could be observed (133).  Another study 
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found feeding 25 g of PDX resulted in no difference in hunger or fullness compared to a 

low fiber control treatment (144).  PDX did result in a significant (p = 0.002) 9.9% 

reduction in energy intake at an ad libitum lunch compared to the control treatment (144).  

A third study examined the effects of a 17 g of PDX  added to a smoothie compared to a 

low fiber control, after eating a standard breakfast, on satiety sensations and ad libitum 

lunch intake (153).  This study found no difference between PDX and control for hunger, 

fullness, satisfaction, or desire to eat sensations (153).  However, this study did observe a 

significant reduction in energy intake of approximately 100 kcal at an ad libitum lunch 

intake for PDX compared to the control (153).  Similar to previous studies, a double 

preload design found no difference in mean VAS ratings for hunger, fullness, and desire 

to eat for 24 grams of PDX and SCF compared to a isoenergentic and low energy 

controls; however, it did find the SCF preloads resulted in a significantly lower energy 

intake at an ad libitum lunch compared to a low calorie preload, but not the isoenergic 

preload (152).  Neither the PDX or SCF preloads reduced the energy intake at an ad 

libitum lunch compared to an isoenergetic control (152).  Taken together, the current 

study and previous research shows a negligible effect of PDX or SCF on the appetite 

sensations however may reduce energy consumption as evidenced by decreased intake at 

ad libitum lunches.  This may be due to a lack of attention to conscious hunger and 

fullness sensations, yet increased satiation in free living populations that is a potential 

explanation for the discrepancy between epidemiological weight data and acute satiety 

studies.  This is supported by study conducted by Parnell and Reimer, which reported no 

differences in acute satiety ratings yet decreased energy intake during a 12 week 
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intervention of 21 g/day of fructooliogosaccharide in overweight subjects (172).  

Therefore, the lack of changes in satiety as a result of PDX and SCF may not be as 

important as once thought.        

In the current study, we did not observe a difference in macronutrient intake of 

the background diet between any of the treatments based on diet records completed on 

days 1, 2, and 10.  Two previous studies feeding PDX and SCF have taken diet records.  

Stewart and associates completed a crossover, placebo-controlled clinical trial that fed 12 

g/day of SCF for 14 days and had subjects complete diet records on the last 3 days of 

each treatment period.  This study found significantly increased levels of soluble and total 

fiber on the SCF treatment compared to the control, but this is only because the additional 

fiber from the test product is included in the comparison (119).  If the 12 grams of SCF 

were removed from the diet records, the amount of total fiber would be almost identical 

(29g to 18g) for the SCF and control treatments (119).  More recently Vester-Boler 

conducted a crossover study compared the effects of PDX and SCF fed 21 g/d to a low 

fiber control.  This study had the subjects complete food diaries during the entire study 

and compared the average daily macronutrient intake.  They found no differences in the 

amount of protein, fat, carbohydrate, or total dietary fiber between the treatments 

excluding the test products (120).  Combining our results with the previous findings it is 

clear that PDX and SCF did not statistically reduce energy intake based on food diaries, 

however our study did show a non-significant decrease in caloric intake of 59 and 51 

calories on the SCF and PDX treatments compared to the control.  This decrease in 
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caloric intake on SCF and PDX, if this maintained over a long period of time, may aid in 

weight loss and/or maintenance. 

Some research suggests the increased palatability of a meal may affect satiation 

compared to a less palatable meal (124); whereas others do not (173,174).  Since 

palatability may play a role in satiety, we measured the visual appeal, smell, taste, 

aftertaste, and overall pleasantness 30 minutes after consumption of the test product and 

found a trend toward a better taste for the PDX cereal compared to the SCF cereal.  Also 

we observed that the SCF had a worse smell than the PDX cereal.  Little data exists on 

the palatability of SCF, but no direct comparisons are available in the literature; however 

an earlier study saw no difference in nausea between SCF and control (152).  Studies 

show PDX incorporated into a muffin resulted in a significantly better taste compared to 

other muffins (133), whereas another study found that PDX incorporated into a smoothie 

didn’t not significantly affect the taste or pleasantness compared to control (153).  

Likewise, 25 g PDX added to yogurt did not affect the taste of the product (144).  

Therefore, our study seems to corroborate the earlier studies that PDX is highly palatable 

and suggests SCF is equally palatable as a low fiber control.   

Assessment of breath hydrogen is done as a proxy for fermentation in the gut 

since they are related.  Also breath hydrogen is influenced by meals; therefore our results 

show no difference in baseline breath hydrogen levels point toward adherence to the 12 

hour fast, in addition, to verbal conformation.  We clearly showed an increase in breath 

hydrogen as a result of PDX and SCF over the 240 minute study period.  Our results 

confirm earlier findings showing significantly increased breath hydrogen after PDX and 
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SCF consumption (149,157).  Breath hydrogen is an indicator of gastrointestinal 

fermentation, which produces short-chain fatty acids (SCFA).  Some researchers have 

hypothesized that a second meal affect may be modulated by SCFA (175).  The 

mechanism for this effect involves the activation of the ileal brake, which delays GET, 

increases SBTT, reduces energy intake, and increases satiety (176).  SCFAs in particular 

propionate and butyrate may play a role in satiety by triggering the release of peptide YY 

(PYY), a mediator of the ileal brake.  The SCFA receptors FFA2 and FFA3 are found in 

the colon near the same enteroendocrine L-cells as the ileal brake (177-179).  

Investigation into the activation of these SCFA receptors showed increased PYY 

concentrations in the blood after administration of SCFA in rat, rabbit, and pig models 

(180-182).  Several studies have investigated the potential satiety-inducing mechanism of 

SCFA and have found increases in satiety sensations following orally-delivered acetate 

and propionate (183-187).  It is thought that the decreased palatability of the orally given 

SCFA probably cause the increased satiety.  A recent review has examined the 

relationship between SCFAs and satiety and concluded that no significant relationship 

exists between the two (188).  Nonetheless, this remains an area of active research and 

could ultimately prove to be an important modulator of appetite.                   

One limitation of our study is that we did not measure food intake an ad libitum 

lunch; however we did have subjects record their dietary intake for the rest of the first 

day.  Another drawback is that we only measure satiety once at the beginning of the 

study.  Additionally, in an effort to reduce participant burden only a 3-day food diary was 

recorded instead of during the entire study.  Despite the drawbacks of the study our 
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findings are relatively consistent with the limited published data regarding PDX and SCF 

and satiety and food intake.  In conclusion, the current study does not support PDX and 

SCF as inducing satiety and reducing food intake; however further research should be 

conducted to confirm this observation. 
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Table 1.  Subject Characteristics 

 N Age Height (in) Weight (lb) BMI 

Total 36 25.8 ± 9.1 68.0 ± 3.4 153.4 ± 24.8 23.3 ± 2.9 

Men 18 25.4 ± 8.7 70.4 ± 2.4 163.7 ± 20 23.1 ± 1.9 

Women 18 26.2 ± 9.9 65.6 ± 2.3 143.2 ± 3.7 23.4 ± 3.7 

*Values are means ± SD. 
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Table 2. Nutritional composition of study cereal and muffin
a 
 

Study 

Product 

Serving 

size (g) 

Fat 

(g) 

Protein 

(g) 

Sugar 

(g) 

Soluble 

TDF
b
 

(g) 

Insoluble 

TDF (g) 

RO
c
 

(g) 

TDF + 

RO
d
 

(g) 

Energy 

(kcal) 

Control 

Cereal 

45 1.3 2.2 10.1 0.3 0.6 0.5 1.4 175 

PDX 

Cereal 

53 1.5 2 10 0.3 0.7 10.2 11.2 174 

SCF 

Cereal 

51 1.4 1.8 10.1 0.3 0.6 10.5 11.4 171 

Control 

Muffin 

79.1 4.8 3.6 12.6 0.6 1.2 0.5 2.3 191 

PDX 

Muffin 

89.8 4.8 3.6 12.5 0.9 1.3 9.5 11.7 186 

SCF 

Muffin 

86.8 4.9 3.6 12.7 0.8 1.2 9.7 11.7 188 

a
 Values listed are means of analytics after product preparation. 

b
 TDF, total dietary fiber. 

c
 RO, Resistant Oligosaccharide. 

d
 TDF and RO was analyzed by AOAC method 2001.03. 
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Table 3: Baseline Satiety  

Treatment Hunger (mm) Satisfaction 

(mm) 

Fullness (mm) Prospective 

Food Intake 

(mm) 

PDX 66.8 ± 3.3 20.9 ± 2.4 15.5 ± 2.5 72.0 ± 2.8 

SCF 68.3 ± 3.3 18.5 ± 2.4 16.4 ± 2.5 75.6  ± 2.8 

Control 68.5 ± 3.3 19.4 ± 2.4 16.5 ± 2.5 74.1 ± 2.8 

* Data are means values ± SEM.  Within each row, treatments with no letters in common 

are significantly different (p < 0.05). 
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Figure 1:  Change from baseline AUC for satiety questions 
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Table 4.  Daily Food Intake from Three Day Food Diary  

Nutrient Control PDX SCF 

Fat (g) 78.9 ± 45.2 76.4 ±35.4 76.8 ± 38.0 

Protein (g) 81.6 ± 37.9 79.0 ± 30.6 77.5 ± 34.0 

CHO (g) 222.1 ± 104.6 222.8 ± 93.7 212.7 ± 92.5 

Soluble Fiber (g) 4.1 ± 2.5 4.3 ± 2.5 4.3 ± 2.3 

Insoluble Fiber (g) 9.2 ± 5.9 9.0 ± 4.8 10.2 ± 7.0 

Total Fiber (g) 13.5 ± 8.1 13.4 ± 6.9 14.6 ± 8.8 

Energy (kcal) 1959 ± 907 1908 ± 668 1900 ± 720 

* Data displayed as mean values ± SD.  Within each row, treatments with no letters in 

common are significantly different (p < 0.05). 
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Table 5: Breath hydrogen concentration (ppm) 

Treatment Baseline 240 Minutes Difference 

Polydextrose 8.2 ± 8.2 16.0 ± 13.1a 7.8 ± 13.9a 

Soluble Corn Fiber 9.6 ± 10.9 15.7 ± 13.8a 6.1 ± 17.4a 

Control 8.2 ± 6.5 9.1 ± 10.6b 0.9 ± 10.5 

* Data displayed as mean values ± SD.  Within each row, treatments with no letters in 

common are significantly different (p < 0.05). 
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Chapter 4:  The use of a wireless motility device (SmartPill®) for measurement of 

gastrointestinal transit time after dietary fiber intervention, as published in the 

British Journal of Nutrition 
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Although it is generally accepted that one of the beneficial health effects of 

dietary fiber is decreasing gastrointestinal transit time, few recent studies have measured 

transit time with diet intervention.  Historically, measurement of gastrointestinal transit 

time has required collection and x-raying of fecal samples for up to 7 days after 

swallowing radio-opaque markers (ROM); a tedious, labor-intensive technique for both 

subjects and investigators.  Recently, a wireless motility capsule (SmartPill®) capable of 

measuring gut pH, pressure, and temperature in real time was developed.  The 

SmartPill® device is able to measure gastric emptying time by pH change and whole gut 

transit time by temperature change.  Intestinal transit time is the difference between 

whole gut transit time and gastric emptying time.  This device, however, has not been 

validated with dietary interventions.  Therefore, we conducted a crossover trial to 

determine if the device could detect a significant difference in gastric emptying, 

intestinal, and whole gut transit time after subjects consumed 9 grams of wheat bran 

(WB) or an equal volume, low-fiber control for three days.  This dose of WB has 

previously been shown to decrease whole gut transit time using traditional methods.  In 

this study, ten healthy subjects (5 men, 5 women) swallowed the SmartPill® after 

consuming a standard breakfast with or without 10 grams of WB.  A paired t-test was 

used to determine differences in transit times.  Colonic transit time decreased by 10.8 

hours (p = 0.0062) on the WB treatment.  Whole gut transit time also decreased by 8.9 

hours (p=0.0243) after consumption of the WB.  This decrease was due entirely to 

changes in colonic transit time as gastric emptying time and small bowel transit time did 

not differ between the treatments.  In addition, no differences were observed between 
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genders.  Results show, with minimal participant burden, the SmartPill technology 

appears to be a useful tool for assessing transit time after dietary intervention.  In 

conclusion, WB significantly reduces transit time and the SmartPill technology shows 

promise for digestive studies with novel fibers and other ingredients that are promoted for 

gut health.  
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Introduction 

Traditional methods for determining gastrointestinal transit time are cumbersome 

and labor-intensive both for subjects and investigators.  The two most commonly used 

methods are radio-opaque markers (ROM) and scintigraphy.  ROM can be used to 

determine gastric emptying time (GET), colonic transit time (CTT), or whole gut transit 

time (WGTT).  Measurement of GET or CTT is achieved through use of abdominal x-

rays; whereas WGTT is measured by collecting and x-raying fecal samples for 5 to 7 

days (25,27).  The ROM WGTT methodology involves a large amount of participant 

burden and requires exceptional compliance because missing stool samples affects 

results.   

Measurement of GET or CTT by scintigraphy requires consumption of 

radioactive isotopes followed by frequent x-rays of the participant’s abdomen (189).  

Scintigraphy has been used in a number of studies; but results of these studies have been 

mired by no universally accepted method (189).  Recently, a multicenter study designed 

to standardize the GET scintigraphic method was able to find similar gastric retention 

between each center (32).  Whole gut scintigraphy can be used to determine GET, small 

bowel transit time (SBTT), CTT, and WGTT; however, this method requires the subject 

to undergo frequent abdominal scans and requires a 3-day stay in an inpatient facility 

(190).  Another disadvantage of scintigraphic methods is that the results must be 

examined by a gastroenterologist and are subject to interpretation errors (189).  

Nonetheless, these methods are acceptable measures of gastrointestinal transit time.  
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Recently a wireless motility device called the SmartPill was developed that 

simplifies the determination of GET, SBTT, CTT, and WGTT.  The SmartPill is a 

cylindrical capsule with dimensions of 26.8 mm long by 11.7 mm in diameter, which 

measures pH, pressure, and temperature in real time.  Subjects swallow the SmartPill, 

after consuming a standard meal; data is then wirelessly transmitted to a data receiver that 

is attached to the participant’s clothing.  The pH sensor has a range of 0.5 - 9 units with 

accuracy ± 0.5 units.  The pressure sensor has a range of 0 - 350 mmHg with accuracy of 

5 mmHg below 100 mmHg and 10% at or above 100 mmHg.  The temperature sensor has 

a range of 25-49°C with an accuracy of ± 1°C.  The data measured by the SmartPill 

device can be used to determine GET, SBTT, CTT, and WGTT.  

Previous studies have compared gastrointestinal transit time using the SmartPill 

technology to ROM and scintigraphy (191-195).  These studies show favorable 

correlations between scintigraphy gastric retention and SmartPill GET at 120 minutes (r = 

0.95; p <0.01) and 240 minutes (r = 0.70; p = 0.024) (194,195).  Scintigraphic meals exit 

the stomach prior to the SmartPill capsule because indigestible objects empty the stomach 

with the phase 3 migrating motor complex, initiated in the fasting state; thereby making 

direct comparisons of GET between the two methods impractical (191).  On the other 

hand, SBTT was found to be different between scintigraphy and SmartPill while WGTT 

was found to be similiar (194).  ROM and SmartPill correlate well for CTT and WGTT in 

healthy and constipated individuals (192).  Overall, this series of studies show favorable 

comparisons between the SmartPill and the traditional methodologies.   
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The purpose of this study was to determine if the SmartPill technology is able to 

detect a significant difference in transit time between a low-fiber and high-fiber treatment 

in a healthy population. 

Methods 

Ten healthy subjects aged 18 to 65 were recruited from the University of 

Minnesota community by fliers posted on campus.  Subjects were screened via telephone 

to determine eligibility.  Exclusion criteria included contraindicated conditions for the 

SmartPill:  dysphasia, gastric bezoar, strictures, fistulas, bowel obstructions, 

diverticulitis, previous gastrointestinal surgery, implanted electro-mechanical medical 

devices, and medications shown to influence gastrointestinal transit time.  Exclusion 

criteria also includes diagnosis of cardiovascular disease, diabetes, cancer, Crohns 

disease, ulcerative colitis, irritable bowel disease, BMI of <18.5 or >30, pregnant or 

lactating, irregular menstrual cycle, smoke or chew tobacco, high dietary fiber intake, 

consumption of probiotics or fiber supplements, vegetarian diet, taken antibiotics less 

than 3 months earlier, and food allergies to the test products.   

Descriptive data of the study participants can be found in Table 1.   

Gastrointestinal transit time was measured on two separate occasions in each of 

the subjects.   Subjects consumed a modified breakfast of earlier SmartPill studies, which 

included 120g of Egg Beaters®, and either a low-fiber hot cereal or a high-fiber hot 

cereal with 250 ml of water (191-195).  The high fiber hot cereal contained wheat bran as 

the primary fiber component and was utilized due to the extensive literature on wheat 

bran’s influence on transit time.  The serving sizes and volume of the meals were the 
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same; however, the control (low fiber) breakfast had 250 kcals while the test (high fiber) 

breakfast had 215 kcals.  Table 2 describes the nutrient composition of the breakfast.  

The control cereal consisted of 52 grams of Cream of Wheat® (B&G Foods, Inc.) 

providing 2 grams of dietary fiber.  The test cereal consisted of 30 grams of Cream of 

Wheat® and 22 grams of course-ground red WB (SunOpta, Inc. Brampton, Ontario, 

Canada) that provided 11 grams of dietary fiber; a dose previously shown to significantly 

decrease WGTT using ROM (196).   

The MotiliGI software (SmartPill, Inc, Buffalo, NY) was used to determine GET, 

SBTT, CTT, and WGTT based on pH and temperature changes.  GET is defined as the 

time between capsule ingestion and an abrupt rise in pH above gastric baseline pH.  This 

rise in pH corresponds with the transition from the acidic stomach to the alkaline 

duodenum (197).  SBTT is the time between duodenum entry and cecum entry (192-194).  

Cecal entry is defined as the first sustained drop in pH of more than 1 unit that occurs at 

least 30 minutes after entry into the small bowel (192).  The decrease in pH is thought to 

be the result of fermentation of digestive residue by the large intestine (192,197,198). 

CTT is the difference between entry into the cecum and exit from the body, which is 

indicated by an abrupt decrease in temperature (192).  WGTT is the time between the 

SmartPill ingestion and exit from the body.    

Dietary Intake Analysis 

Twenty-four hour food diaries were analyzed using the dietary analysis program, 

Nutrition Data System for Research (NDSR, version 2007, Nutrition Coordinating 
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Center, Minneapolis, MN). NDSR provided detailed nutrient information including:  total 

energy, carbohydrate, fat, protein, and fiber intake.   

Study Protocol 

Participants consumed one serving of either the control or the WB cereal for 3 

days prior to each study visit.  During this time, subjects also completed one 24-hour 

food diary prior to each treatment; this was done in order to quantify usual dietary habits, 

specifically dietary fiber intake.  Participants completed the control treatment first 

followed by the WB treatment.  Women participated in the study during the follicular 

phase of their menstrual cycles.  On the morning of each study visit, subjects arrived after 

fasting for 12 hours.  They consumed a standard breakfast consisting of 1 cup of Egg 

Beaters® eggs, test cereal, and ½ cup of water.  This is a departure from the standardized 

meals in previous SmartPill studies because the test cereal replaced two pieces of toast 

and jelly (192).  Subjects were given 10 minutes to consume the breakfast and 

immediately afterwards swallowed the SmartPill capsule.  The SmartPill was activated 

and calibrated prior to swallowing as described elsewhere (194).  After swallowing the 

capsule, the subjects were allowed to resume normal activities, with the exception of 

strenuous physical activity and alcohol consumption.  Subjects were instructed to refrain 

from eating for 6 hours in order to determine GET.  The test cereals were consumed once 

a day in the morning until the capsule passed.  In addition, subjects were instructed to 

complete a gastrointestinal tolerance survey the day the SmartPill was swallowed.  The 

tolerance survey was adapted from a previous study and investigated flatulence, bloating, 

abdominal cramps, stomach noises, nausea, diarrhea, and constipation using a 10-point 
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scale with 0 being no symptom and 10 being the worst imaginable symptom (119).  

When subjects had a bowel movement they were instructed to allow the stool to remain 

in the toilet for 5 minutes allowing the capsule to detect a temperature decrease or 

visually confirm the SmartPill had passed.   

Data Analysis 

Data was analyzed using SAS 9.1 (SAS Institute, Cary, NC).   A paired t-test 

procedure was used to determine differences in transit times and dietary intake.  

Statistical significance was achieved at p < 0.05. 

Results 

All 10 subjects completed both treatments and transit times are shown in Table 3.  

The WB treatment significantly decreased CTT (p = 0.0062) and WGTT (p = 0.0243) 

compared to the control, however it had no effect on GET (p = 0.23) or SBTT (p = 0.83).  

We conclude that the -8.9 h decrease in WGTT is due to decreased CTT (-10.8 h) since 

GET (+0.6 h) and SBTT (-0.1 h) did not change.  A comparison of the current study with 

previous crossover studies that examined WGTT with a WB intervention using ROM can 

be found in Table 4.  Men and women had similar GET (p = .0817), SBTT (p = 0.5197), 

CTT (p = 0.0965), and WGTT (p = 0.0948). 

Mean dietary intake not including the test cereals is shown in Table 5.  There was 

no difference in background total fiber intake between the control and WB treatment (p > 

0.60).  In contrast, women had a significantly higher total fiber intake (p = 0.03), but did 

not have different transit times compared to men.  Total calories and the percentage of 
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calories from carbohydrate and fat were similar between treatments; however protein 

intake was higher (p = 0.0099) on the WB treatment. 

Tolerance 

There were no adverse events reported as a result of consuming the cereals or 

swallowing the SmartPill.  There were no differences in gastrointestinal tolerance 

between the control and WB treatment with the exception of significantly higher 

flatulence with the WB treatment, (p = 0.03). 

Discussion 

Recent SmartPill studies have been conducted primarily for the purposes of 

comparing gastrointestinal transit times between the wireless device and other methods 

such as ROM or scintigraphy (191,192,194,195).  Additional studies have used the 

SmartPill for evaluating transit times in individuals with various motility disorders 

including gastroparesis and constipation (192,193,199,200).  Our study was the first to 

use the SmartPill technology for determination of gastrointestinal transit time with a 

dietary fiber intervention.   

Our results show the SmartPill technology is able to detect a significant decrease 

in CTT and WGTT after a high-fiber intervention. These results were not confounded by 

usual dietary fiber intake between treatments and were clearly a result of the intervention.  

The ability to detect significant decreases in CTT and WGTT demonstrates the utility of 

the SmartPill technology in dietary intervention studies  

The SmartPill did not detect differences in either GET or SBTT in our study.  Our 

results are inconsistent with an earlier study showing 15 g of WB significantly delays 
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GET and reduces SBTT (201).  However, this study had an older population than our 

study (60 years versus 25 years) and used scintigraphy.  GET was defined as 50% gastric 

retention of the radio-labeled meal while SBTT was defined as the difference between 

GET and 50% colonic arrival of the radio-labeled meal.  Therefore, due to different 

definitions of GET and SBTT, direct comparisons may not be appropriate.  Moreover, the 

SmartPill empties the stomach with the phase 3 migrating motor complex, which is 

initiated during the fasting state (191).  Subjects are allowed to resume eating 6 hours 

after swallowing the SmartPill; therefore, if GET is longer than 6 hours, a subsequent 

meal would skew GET by a returning the subject to the fed state.  Our results suggest WB 

does not affect SBTT; however different fibers with different physiochemical properties 

may influence SBTT.  

Earlier research examined the effect of gender on transit time and yielded 

conflicting results (36,40,42-46,202).  Generally women have longer transit times 

compared to men (36,42-46).  Additional research has examined the influence of the 

phase of the menstrual cycle on transit time.  The majority of research has found no 

difference between the follicular phase and luteal phase (26,34,36,37,202); however some 

do (35).  A previous study using the SmartPill found women have significantly longer 

CTT compared to men; however this study did not control for menstrual cycle (192).  

Due to the inconsistencies in the literature, we decided to control for menstrual cycle in 

this study by having women complete both study visits during the follicular phase.  Since 

subjects consumed the low-fiber control treatment first, there was no need for washout 
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period before starting the WB treatment.  In contrast to the previous findings, we did not 

observe any differences in transit times between men and women. 

Since this study is the first of its kind, we wanted to determine how the SmartPill 

passes through the gastrointestinal tract when consuming a low-fiber hot cereal since the 

substitution of the bread and jam for hot cereal was a deviation from previous SmartPill 

studies.  Therefore, subjects completed the control and then the WB treatment.  The lack 

of randomization is a limitation of this study.  Another limitation is the relatively small 

sample size of this study.  However, the ability to detect significant differences in CTT (p 

=  0.0062) in such a sample demonstrates the sensitivity of this new technology and 

strength of the treatment effect. 

While the SmartPill is promising for diet intervention studies due to its ease of use 

and sensitivity, there are certain limitations that may have an impact on future studies.  

The SmartPill capsule is relatively large at 13 mm x 26 mm making it not suitable for 

people with swallowing problems.  Also, the data receiver must be kept within 5 feet of 

the subject at all times and failure to do so results in missing data.  The battery life of the 

data receiver is only 5 days and after the battery runs low the data is no longer considered 

reliable.  Lastly, the data receiver is generally worn on the belt and is therefore sensitive 

to physical damage.  However, none of our subjects reported problems with these 

limitations. 

Overall, the capacity to non-invasively measure GET, SBTT, CTT, and WGTT 

gives the SmartPill an advantage over both ROM and scintigraphy.  Using the SmartPill 

eliminates the need for subjects to: consume radio-labeled meal, have repeated x-rays, 
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and collect fecal samples.  This is clearly less burdensome for both subjects and 

investigators.  In conclusion, the ability to detect significant differences in CTT and 

WGTT after a dietary intervention makes the SmartPill technology a useful new tool for 

measuring gastrointestinal transit; however, further research should confirm the findings 

of this study.  
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Table 1.  Study Participant Data 

 All (n = 10) Males (n = 5) Females (n = 5) 

Age (years) 24.5 (20 – 32) 24.2 (20 – 32) 24.8 (23 – 29) 

BMI (kg/m
2
) 26 (22 – 29.5) 27.1 (23.6 – 29.5) 24.9 (22 – 27.5) 
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Table 2.  Composition of Breakfast Components 

Cereal Serving 

(g) 

Energy 

(kcal) 

Carbohydrate 

(g) 

Dietary 

Fiber (g) 

Protein 

(g) 

Fat (g) 

Control 

Cereal 

(Cream of 

Wheat®) 

52 190 40 2 4 0 

Test Cereal 

(30 g 

Cream of 

Wheat® + 

22 g red 

WB) 

52 154 39 11 6 1 

Egg 

Beaters® 

120 60 2 0 12 0 
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Table 3.  Mean Transit Times in Hours ± SEM 

 Control WB Difference P value of 

Difference 

GET (n = 8)* 3.2 ± 0.4  3.8 ± 0.3  0.6 0.2337 

SBTT (n = 10) 4.9 ± 0.4  4.8 ± 0.4  -0.1 0.8313 

CTT (n = 10) 23.1 ± 2.1  12.7 ± 2.1  -10.8 0.0062 

WGTT (n = 

8)* 

31.4 ± 2.2  22.5 ± 2.2  -8.9 0.0243 

* Two subjects were excluded from analysis of GET and WGTT due to extremely 

delayed GET 
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Table 4.  Previous Crossover Studies Measuring WGTT after WB Treatment using ROM 

Study Population Intervention WGTT ± SEM 

Cummings 1978 5 healthy men Control 

20 g WB 

73 ± 11 h 

43 ± 4 h  

Stevens 1988 12 healthy women  Control 

23 g WB 

70 ± 6 h 

47 ± 3 h 

Vuksan 1999 24 healthy subjects  Control 

21 g WB 

31 ± 3 h 

32 ± 3 h 

Muir 2004 20 healthy subjects  Control 

12 g WB 

48 ± 4 h  

37 ± 2 h  

Current Study 10 healthy subjects Control 

9 g WB 

31 ± 2 h 

23 ± 2 h  
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Table 5.  Mean Dietary Intake 

 Control WB P value of 

Difference 

Soluble Fiber 5 ± 0.4 g 4 ± 0.4 g 0.30 

Insoluble Fiber 11 ± 2 g 9 ± 2 g 0.42 

Total Fiber 15 ± 1.5 g 14 ± 1.5 g 0.44 

% Carbohydrate 43.4 ± 2.1 % 42.4 ± 2.1 % 0.7435 

% Protein 15.2 ± 0.87 % 19.2 ± 0.87 % 0.0099 

% Fat 38.6 ± 2.26 % 36.0 ± 2.26 % 0.4372 

Total Kcal 1904 ± 190 Kcal 1668 ± 190 Kcal 0.13 
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