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Abstract
Background/objectives Consumption of whole vs. refined grain foods is recommended by nutrition or dietary guideline
authorities of many countries, yet specific aspects of whole grains leading to health benefits are not well understood. Gastric
emptying rate is an important consideration, as it is tied to nutrient delivery rate and influences glycemic response. Our
objective was to explore two aspects of cooked rice related to gastric emptying, (1) whole grain brown vs. white rice and (2)
potential effect of elevated levels of slowly digestible starch (SDS) and resistant starch (RS) from high-amylose rice.
Subjects/methods Ten healthy adult participants were recruited for a crossover design study involving acute feeding and
testing of 6 rice samples (50 g available carbohydrate). Gastric emptying rate was measured using a 13C-labeled octanoic
acid breath test. A rice variety (Cocodrie) with high-amylose content was temperature-cycled to increase SDS and RS
fractions.
Results In vitro starch digestibility results showed incremental increase in RS in Cocodrie after two temperature cycles. For
low-amylose varieties, SDS was higher in the brown rice form. In human subjects, low-amylose and high-amylose brown
rice delayed gastric emptying compared to white rices regardless of amylose content or temperature-cycling (p < 0.05).
Conclusions Whole grain brown rice had slower gastric emptying rate, which appears to be related to the physical presence
of the bran layer. Extended gastric emptying of brown rice explains in part comparably low glycemic response observed for
brown rice.

Introduction

The 2015 Dietary Guidelines for Americans, as well as
similar authorities in other countries, recommends increased
consumption of whole grains [1]. Diets with whole grains,
compared to refined grains, are associated with low gly-
cemic response and decrease in risk of type-2 diabetes and
cardiovascular disease [2–4]. Although the low glycemic
response of whole grain foods is often attributed to the fiber
component, the overall basis of its action is not clear [5].
Viscous fibers have been implicated [6], but not all whole
grains have viscous fibers. For instance, whole grain brown
rice does not contain viscous fiber and only contains around

2% total dietary fiber [7], but has been shown to have a
lower glycemic index than white rice [8] and is associated
with lower incidence of diabetes [9]. In another study [10],
only one of three rice varieties tested (Pelde v.) had reduced
glycemic index in the brown rice. Other factors that pertain
to grains, whether whole or refined, can also influence
glycemic response, such as particle size and structural
components.

Glycemic response of whole grains is dependent on both
rate of digestion of starch and how fast the meal is emptied
from the stomach. When gastric emptying rate is slow, it is
positively correlated with low glycemic response [11, 12].
There is a less clear, though sometimes reported, relation-
ship between slow gastric emptying and appetite response
[13, 14].

For whole grain brown rice, its low glycemic response
compared to white rice could be related to a slow gastric
emptying rate. Brown rice contains bran that is removed
during milling to make white rice. Its physical form has
multiple cell layers that give an integrity and toughness to
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the kernel that may reduce its rate of breakdown in the
stomach, thus reducing gastric emptying rate. A pig study
showed that brown rice takes longer than white rice to break
down and that the bran layer separates and accumulates in
distal stomach [15]. While this resulted in slower protein
(bran) emptying from the stomach, emptying of starch and
dry matter were the same as white rice, which suggests that
the whole grain components are emptied differently in the
stomach. Additionally, a low glycemic response of brown
rice may be related to slow digestion of starch that could
trigger the ileal brake, a feedback mechanism that
controls gastric emptying rate. All macronutrients, includ-
ing carbohydrates, have been shown to stimulate the ileal
brake [16, 17]. Starchy foods that digest slow and into the
ileum could thus affect gastric emptying through this
mechanism.

Digestion rate of starch is related to a number of factors
mostly related to access of digestive enzymes to substrate. It
is, for instance, well known that the amylose component of
starch retrogrades after gelatinization to form resistant
starch (RS), as well as slowly digestible starch (SDS) [18].
Starchy foods with relatively high amylose contain greater
amounts of slowly digestible and resistant starch [19, 20],
and this is associated with moderated glycemic response
and increased satiety [21]. To enhance this effect,
temperature-cycling has been used to increase SDS and RS
fractions by promoting retrogradation [22, 23], by aug-
menting starch crystallite formation through nucleation,
propagation, and maturation steps combined with extended
storage [23]. Retrogradation of amylopectin is associated
with the formation of SDS, while retrogradation of amylose
is a more rapid and is associated with RS [24].

In the present study, it was hypothesized that brown rice
has a slower gastric emptying rate than white rice, and that
high-amylose rice containing more SDS and RS would
further delay gastric emptying rate. We investigated in
human subjects two rice varieties in whole grain brown and
milled white forms on gastric emptying, and further
examined rice types of different amylose contents with
varying amounts of SDS and RS to potentially affect gastric
emptying rate.

Materials and methods

Materials

Two rice varieties, whole grain brown and polished white
types, classified as low-amylose (Jazzman) or high-amylose
(Cocodrie) were a gift from Mars, Inc. Nutritional infor-
mation on these cultivars can be found in Table 1.

Participants

Ten healthy men and women [body mass index (BMI; in
kg/m2) of 22.25 ± 2.15] with an average age of 30 were
recruited using flyers placed around the Purdue University
campus. All subjects were free of diabetes and any gastro-
intestinal diseases, through self-reporting. Informed consent
was gathered from all participants.

This research was approved by Purdue University’s
Institutional Review Board Committee. The trial is regis-
tered at Clinicaltrials.gov, identifier NCT03035981.

Design

A randomized, crossover design was used with seven
treatments (six rice and one fructooligosaccharide breath
hydrogen control) tested in acute feeds with a 1-week
washout period in-between. The treatment order was ran-
domly assigned to the participants. Rice test meals were
prepared on the morning of each test day, and 13C-octanoic
acid (100 mg) was added to each test meal.

Subjects arrived to the testing room at 8:00 a.m. on each
test day after a 10 h fast. After collecting two baseline
breath samples (1.5 L bags, Cambridge Isotope Labora-
tories, Tewksbury, MA, USA), subjects consumed the rice
test meal (50 g available carbohydrate) for that day in
10 min, and breath samples were collected into 300 ml bags
(Cambridge Isotope Laboratories, Tewksbury, MA, USA)
every 15 min for 4 h. Additional breath samples were col-
lected into bags (300 ml) at the same time points for breath
hydrogen testing. Subjects were provided 100 ml of water
with the rice, and were asked to consume all water and rice

Table 1 Nutritional information
on rice varieties used for test
meal preparation

Jazzman, Low-AM
White

Cocodrie, High-AM
White

Jazzman, Low-AM
Brown

Cocodrie, High-AM
Brown

Starch* 81.3 81.5 73.9 73.3

Total dietary
fiber

3.33 3.07 5.66 6.31

Protein 6.35 7.07 8.03 7.71

Fat 0.03 0.31 2.52 2.03

*g/100 g, wet weight basis
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(200–240 g) given to them. No food or drink was allowed
during the remainder of the test session.

Test meals

The six rice treatments were chosen based on differences in
starch digestibilities as tested in vitro. They were as follows:
Jazzman low-amylose white rice (low-AM white), Cocodrie
high-AM white rice (high-AM white), Jazzman low-AM
brown rice (low-AM brown), Cocodrie high-AM brown rice
(high-AM brown), and two temperature-cycled variations of
Cocodrie high-AM white rice (high-AM white C1, high-
AM white C2). Cocodrie is classified as a high-amylose
rice, though our value for amylose was somewhat lower
than has been reported [25]. An additional test day included
a solution containing fermentable fructooligosaccharide
(7 g/150 ml water, Beneo, Orafti, Morris Plains, NJ, USA)
to provide a reference for positive breath hydrogen pro-
duction. Rice test portions were prepared individually using
a conventional rice cooker (Sunbeam–Oster Company,
Boca Raton, FL, USA). Rice grains were placed in 400 ml
beakers, and washed three times with water. A 2:1 water to
rice ratio was used to cook the rice in the beakers with a
cooking time of ~24 min for white rice and ~48 min for
brown rice [25].

Gastric emptying and breath hydrogen tests

Breath samples were analyzed the same day using a 13CO2

breath analyzer (POCone, Otsuka Electronics Co., Ltd.,
Osaka, Japan). A BreathTracker Digital Microlyzer®

(Quintron Instrument Company, Milwaukee, WI, USA) was
used for breath hydrogen analysis.

Calculation of gastric emptying rate parameters

Half-emptying time and lag phase are parameters used to
describe the gastric emptying rate of a food [26, 27]. The
13CO2/

12CO2 ratio of a gas collected after a test meal to the
baseline breath value [13CO2 delta over baseline (DOB, %)]
were used to calculate the percent dose [13C] recovery
(PDR) per hour and cumulative PDR over time [27]. Each
individual’s body surface area was used in the calculation
[28]. Gastric emptying profiles were modeled using a macro
program in Excel (Microsoft Corporation, Redmond, WA,
USA). Half-emptying time, the time necessary for half of
the 13C dose to be metabolized; and lag phase, the time
required for the 13CO2 excretion rate to attend its maximal
level or time it takes for a food to break down within the
stomach [29] were calculated.

In vitro testing

Nutritional composition

Total starch content of rice samples was determined using
the procedure described in the Total Starch Assay Kit
(Megazyme, Bray, Ireland) and total dietary fiber was
quantified using the Total Dietary Fiber Kit (Megazyme,
Bray, Ireland) based on AOAC Method 985.29. Protein
content was quantified by the Dumas method (N × 6.25)
using a LECO TruMac nitrogen analyzer (LECO Corpora-
tion, St. Joseph, MI, USA), and fat content was determined
at an external laboratory (A&L Great Lakes, Fort Wayne,
IN, USA).

Amylose content

Amylose content of rice flours was determined using the
Amylose/Amylopectin Assay Kit (Megazyme, Bray,
Ireland).

Temperature-cycling treatment of white rice

White rice of the high-amylose Cocodrie variety were
cooked as described above, and stored immediately in
tightly sealed containers and temperature-cycled as descri-
bed in Table 2.

In vitro starch digestibility of cooked rice

Rapidly digestible starch (RDS), SDS, and resistant starch
(RS) were measured according to the Englyst method
[30, 31]. The enzyme mixture was prepared with pancreatin
from porcine pancreas (Sigma–Aldrich, St. Louis, MO,
USA) and amyloglucosidase from Aspergillus niger
(Sigma-Aldrich, St. Louis, MO, USA).

Rice was prepared as above using 5 g portions. Imme-
diately upon completion of the cooking cycle, 2 g cooked
rice was mixed with water (17.5 ml) in tubes using a high
shear mixer (Kinematica, Bohemia, NY, USA) for 30 s [32].
A solution containing pepsin, HCl, and guar gum (pH= 2)
was added to the tubes, to simulate gastric conditions and to

Table 2 Temperature-cycling conditions of high-amylose (AM) white
rice

High-AM White C1 High-AM White C2

Temperature (°C) Cycle 1 (h) Cycle 2 (h)

4 12 24

35 12 24

4 24 24

35 24 24
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standardize the viscosity of the treatments, and tubes were
incubated in a 37 °C water bath for 30 min. Tubes were
shaken at 160 r.p.m. with glass marbles and 0.1 M sodium
acetate for 2 min, the enzyme mixture (5 ml) was added, and
shaking continued for a total of 120 min. Aliquots (100 µl)
were removed and added to 900 µl ethanol after 20 min and
120 min to quantify RDS, SDS, and RS. Total starch con-
tent was measured following in vitro digestion of cooked
rice [31]. Glucose release was measured using the glucose
oxidase/peroxidase (GOPOD) method and a conversion
factor of 0.9 was used to calculate starch content at each
timepoint [30].

All samples were completed in duplicate on two separate
days.

Statistical analysis

The half-emptying times and lag phases of each treatment
are presented as mean ± standard deviation (SD) of all
participants. Sample size was determined using a power
calculation for a crossover design based on previous work
indicating within patient standard deviation of 0.1 h and a
minimum detectable difference in means of half-emptying
time of 0.3 h. One-way repeated measures ANOVA (two-
tailed) and a post-hoc Tukey’s test for multiple comparisons
of half-emptying time and lag phase across treatment groups

were performed using a randomized complete block design.
Statistical significance was considered at p < 0.05 and ana-
lyses were completed using JMP Statistical Discovery
Software (JMP Version 12, SAS Institute, Cary, NC, USA).

Results

Amylose content

Values for amylose and classification of rice varieties are
found in Table 3.

In vitro starch digestibility

For white rice samples, the low-amylose and high-amylose
varieties (Jazzman, and Cocodrie) contained the highest
levels of RDS (88.3 and 84.7%), and lowest levels of SDS
(11.3 and 12.8%) and RS (0.3 and 2.6%) (Fig. 1). For
brown rice samples, SDS increased for the low-amylose
variety to 17.5 (Jazzman), and RS increased for Cocodrie to
12.7.

The high-amylose Cocodrie was temperature-cycled with
the largest effect on RS. After the first cycle, RS increased
from 2.6 to 6.9% and, after the second cycle, to 13.5%.

Gastric emptying test

Gastric half-emptying times were more delayed by the
brown than white rice treatments (Fig. 2). This was inde-
pendent of the SDS and RS amounts. Statistically sig-
nificant (p < 0.05) differences were found between the
brown and white rices in both the low-amylose and high-

Table 3 Amylose content of low- and high- amylose rice varieties
(mean ± SD)

Classification level Cultivar Average % amylose

Low-AM Jazzman 17.8 ± 3.1

High-AM Cocodrie 24.0 ± 0.8
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amylose varieties (Jazzman and Cocodrie). The longest
delay in half-emptying time was observed in the Cocodrie
brown rice treatment, ~48 min longer than the Jazzman
white rice. Cocodrie white and brown rice trended (non-
significantly) towards longer delay in gastric emptying
times compared to Jazzman. Half-emptying times for the
two temperature-cycled Cocodrie white rices were not sig-
nificantly higher than the untreated Cocodrie white rice. Lag
phase values showed no difference across treatments,
averaging 66 min.

White, non-temperature-cycled rice trended to the high-
est PDR per hour, followed by the temperature-cycled white

rice, and then the brown rice having the lowest percent dose
recovery per hour (Fig. 3). Cumulative PDR was in the
range of 35–40%, which is similar to that reported [33].
Cumulative recoveries were similar in all experiments,
indicating that there was not selective binding of octanoic
acid to particular components (i.e., bran).

No significant rise in breath hydrogen was detected fol-
lowing consumption of the rice treatments indicating full
digestion of the starch in the small intestine (not shown).
For the positive control, there was a large increase in breath
hydrogen at about 75 min following ingestion of the fruc-
tooligosaccharide solution.
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Discussion

Brown rice delayed gastric emptying more than white rice
regardless of whether its amylose content was low or high,
or if treated with temperature-cycling. Reasons for this
could be related to the physical properties of brown rice and
how these may affect digestion downstream. Two possible
explanations for the slower gastric emptying rate of the
brown rice treatments are: (1) brown rice has a physical
form, namely the additional layer of bran, that takes longer
to break down or reduce in size in the stomach, and (2) the
resulting particles from the physical breakdown in the sto-
mach are digested at a slower rate than white rice particles,
to stimulate the ileal brake to slow gastric emptying.
Because the Cocodrie brown rice had approximately the
same amount of SDS+ RS as the temperature-cycled white
rices (Fig. 1), but had significantly longer gastric half-
emptying time, it seems plausible that the physical property
of the brown rice was the reason for its slower gastric
emptying rate. Likewise, the low-amylose brown rice had
significantly higher gastric half-emptying time than the
high-amylose temperature-cycled rices, supporting the first
possibility.

Gastric simulation models have shown longer breakdown
of brown than white rice [34, 35], which supports our
hypothesis that it is the different physical property of brown
rice that decreases gastric emptying rate. It might be sur-
mised that if the brown rice, in this study, had been con-
sumed as a flour rather than in its whole grain form, gastric
emptying rate may have been similar to white rice.

It is also noteworthy to point out that despite the differ-
ences seen in half-emptying times between brown and white
rice, the lag phases for all of the rice treatments remained
similar to each other, regardless of the differences in amy-
lose content and in vitro starch digestion rates (Fig. 1).
Because the lag phase is considered a representation of the
time spent on the physical breakdown of a food before
leaving the stomach [29], the consistency in lag phase times
could be an indication that the differences observed in half-
emptying times are due to a post-gastric effect. This would
provide some support for the second possibility above. If
delayed gastric emptying of brown rice was only due to
factors causing longer breakdown in the stomach, the lag
phases of the brown rice treatments should have been sig-
nificantly longer than those seen with white rices.

Gastric emptying rate is the main regulator of food
entering the small intestine to be digested and absorbed, and
is important for controlling postprandial glycemic response.
Recent studies using pharmaceutical approaches to improve
glycemia in individuals with diabetes [36] or obesity [37]
involve treatment using incretin analogs, such as liraglutide
and exenatide. While exact mechanisms for the physiological
effects of these analogs are still being elucidated, one finding

has been that individuals receiving these treatments exhibit
significantly slowed, or delayed, gastric emptying, which
resulted in greater weight loss and improved postprandial
glycemic response compared to control groups [38]. The
delaying of gastric emptying and reduced food intake was
also observed when individual macronutrients were infused
into the distal small intestine to elicit the ileal brake inhibi-
tory feedback control system [16]. From a dietary perspec-
tive, identifying or developing foods with slow gastric
emptying rates could increase satiety which could be
important in addressing the obesity epidemic.

Conclusions

Brown rice displayed a slower gastric emptying rate than
white rice regardless of the variation in amylose content and
in vitro starch digestion rates. Understanding the mechan-
isms by which brown rice and other whole grains influence
physiological parameters, including gastric emptying, to
have a beneficial impact on health will aid in the develop-
ment of whole grain processed foods.
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