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Understanding starch digestibility of rice: a study in white rice
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Summary In vitro starch digestibility, chemical, pasting, and gelatinisation properties of 10 uncooked pigmented and

non-pigmented Thai white rice were studied. Differing in amylose and starch contents, the samples were

also significantly (P ≤ 0.05) different in pasting and gelatinisation properties, maximum digestible starch

(40–53 g/100 g dry starch), and rate of starch digestion (0.028–0.054 min�1). The starch digestograms

were adequately described (r2 > 0.63; P ≤ 0.001) by objective logarithm of slope (Sopade Objective Pro-

cedure), modified first-order kinetic, and two-term exponential and non-exponential models to be all truly

monophasic. The estimated glycaemic index (g/100 g) ranged from 64 and 84, compared to 41–95 for

their brown rice forms (International Journal of Food Science and Technology, 2022, 57, 6699), highlighting

how bran and hull components influence starch digestion of polished and non-polished rice. This study is

foundational to detailedly understand starch digestibility when the rice is further treated.

Keywords Estimated glycaemic index, modelling starch digestograms, monophasic starch digestogram, objective logarithm of slope,

sopade objective procedure, starch digestion.

Introduction

The cultivation of rice, a global food commodity, has
increased (≈161–165 million hectares) within the past
10 years (2012–2021) from 728 to 787 million MT
(FAOSTAT, 2023). Although rice production in Thai-
land, respectively, dropped by about 6% and 12% in
cultivated area and production during the period, but
now recovering (2019–2021) from the impacts of the
COVID-19 pandemic, rice was the second most pro-
duced food commodity in Thailand in 2021, with
about 34 million MT (FAOSTAT, 2023). The most
prevalent form of rice consumed is white, milled, or
polished rice, which is made by polishing brown rice
to remove hulls and bran, revealing starchy endo-
sperms with high starch proportions (Verma & Srivas-
tav, 2021). As widely acknowledged, consumption of
white rice elevates blood sugar levels, glycaemia, with
associated health issues (Kong et al., 2011; Kumar
et al., 2018; Toutounji et al., 2019) that are increasing
globally. Strategies to reduce glycaemic response usu-
ally focus on slowing starch digestion (Sopade, 2017;
Wee & Henry, 2020) through, for example, processing
and material selections, the success of which requires a
solid understanding of starch digestibility. With in
vitro starch digestion, techniques that can reveal highly
valuable scientific trends, devoid of experimental or

computational anomalies, are valuable (Qadir &
Wani, 2022).
In vitro starch digestibility of rice continues to interest

researchers, with studies on different behaviours and
parameters that are dependent on varieties, structural
properties, non-starch components, processing, and treat-
ments (Tamura et al., 2021; Srikaeo, 2022). More studies
are, however, needed to maximally benefit consumers by
thoroughly understanding rice varietal effects and prop-
erly modelling in vitro starch digestograms with reproduc-
ible, objective, and consistent procedures. Our previous
study (Srikaeo et al., 2022) modelled starch digestograms
of ten Thai brown rice varieties with novel approaches for
mono- and multi-phasic starch digestograms. The present
study, on their pigmented and non-pigmented white rice
counterparts, builds on the novel baseline, with the objec-
tive of understanding the starch digestibility of the white
rice varieties and exploring changes in their digestion pat-
terns and modes vis-à-vis the brown rice. This will lead to
a systematic understanding of digestibility of starch in
processed/treated and/or non-processed/untreated rice for
global benefits.

Materials and methods

Rice samples and milling process

Ten varieties of paddy rice, pigmented and non-
pigmented, were obtained from several Thailand rice*Correspondent: E-mail: khongsak@live.psru.ac.th

International Journal of Food Science and Technology 2023, 58, 4849–4859

doi:10.1111/ijfs.16599

� 2023 Institute of Food, Science and Technology (IFSTTF).

4849

https://orcid.org/0000-0003-4621-1690
https://orcid.org/0000-0003-4621-1690
https://orcid.org/0000-0003-4621-1690
https://orcid.org/0000-0002-7767-4869
https://orcid.org/0000-0002-7767-4869
https://orcid.org/0000-0002-7767-4869
mailto:khongsak@live.psru.ac.th


research centres in Phitsanulok, Pathum Thani, and
Chiang Mai. The varieties, fully described in Srikaeo
et al. (2022), were of (i) waxy to low amylose, coded
wrSP and wrLP; (ii) low to medium amylose,
coded wrKD, wrRB, wrHN, wrSY, wrP8, and wrR4;
and (iii) high amylose, coded wrP2 and wrR6. The amy-
lose (5.0–31.5 g/100 g solids) and moisture
(14 � 0.72 g/100 g) contents were, respectively, mea-
sured by the colorimetric (AACC 61–03.01) and vacuum
oven (AACC 44–15.02) methods (AACC, 2010). The
paddy rice was dehusked and polished using a pilot mill-
ing device (NW 1000; Natrawee Technology Co., Ltd.,
Chachoengsao, Thailand) to produce white rice
(Fig. S1) with a well-milled grade (bran removal to the
extent that the rice kernel has a beautiful appearance).

Chemical, functional, and in vitro starch digestibility

The white rice was ground (80-mesh screen; Hammer
Mill, LM 3100; PerkinElmer Inc., MA, USA) and ana-
lysed for the following (Srikaeo et al., 2022):

a Total starch, using the Megazyme AA/AMG Assay

Kit (AACC Method 76–13.01, AACC, 2010).

b Pasting properties, using the Rapid Visco Analyser

(Model 4800; PerkinElmer Inc., MA, USA) with Stan-

dard Procedure 1 (13-min, about 3.5 g of sample, and

25 mL distilled water), AACC method 76–21
(AACC, 2010). The pasting parameters were obtained

with the RVA ThermoCline for Windows®.

c Gelatinisation properties, using differential scanning

calorimetry (Model DSC 1; Mettler Toledo DSC), by

hydrating (flour:water ratio of 1:2) overnight (≈25 °C),
before weighing (25 � 5 mg) into aluminium DSC

pans (100 μL), hermetically sealed, and heating (25–
120 °C at 5 °C/min), with an empty reference pan.

d In vitro starch digestibility, using the rapid in vitro

digestibility assay based on glucometry (Sopade &

Gidley, 2009), by treating the ground rice (0.5 g) with

α-amylase, pepsin, pancreatin, and amyloglucosidase

upon the required pH adjustments and neutralisations.

Digested starch (per 100 g dry starch) was periodically

measured and calculated from glucose concentrations

(Accu-Check® Performa® glucometer).

Modelling starch digestograms

Having proven the objective logarithm of slope proce-
dure, the Sopade Objective Procedure (Sopade, 2021),
suitable for the brown rice of the same varieties (Sri-
kaeo et al., 2022), it was mainly used in modelling the
in vitro starch digestograms of the white rice to aid
comparisons. The duplicated digested starch data (Di)

were pooled together to plot logarithm of slope, LOS,
(ln {[Di+1 � Di]/[ti+1 � ti]}) against time (ti)
LOS, TLOS, ([ti+1 + ti]/2) and described by polyno-
mial equations of orders 1–3. Appropriate first and/or
second derivative(s) of the polynomial equations was
or were used to obtain practical critical TLOS,
TLOScritical, from which the critical digestion times,
tcritical, were interpolated for slope changes or disconti-
nuities and the phases/segments of the starch
digestograms.
Each starch digestion phase/segment from above,

with no discarded experimental data, was subsequently
modelled (nonlinear regressions; constrained) by the
modified first-order kinetic equation, eqn (1), as
described earlier (Sopade, 2022a).

Dti ¼ D0i þD ∞�0ð Þi 1�exp �Kit½ �ð Þ or
Dti ¼ D0i þ D∞i�D0ið Þ 1�exp �Kit½ �ð Þ (1)

where Dti = digested starch in phase/segment i at time
t, D0i = digested starch in phase/segment i at the
phase/segment time t = 0, D(∞-0)i = D∞i � D0i , with
D∞i being digested starch in phase/segment i at time
t → ∞, and Ki = rate of starch digestion in phase/seg-
ment i. For samples with proven monophasic starch
digestograms (one phase/segment, i = 1), eqn (1) was
used to describe the whole digestogram, while samples
with biphasic starch digestograms were also initially
described by two-term exponential (eqn 2), and non-
exponential (eqn 3) models (Sopade, 2022a) to addi-
tionally guide the true digestogram class:

Dt ¼ D0 þD1 1�exp �K1 t½ �ð Þ þD2 1�exp �K2t½ �ð Þ
(2)

where D1 = digested starch function in phase/segment
1, K1 = rate of digestion in phase/segment 1,
D2 = digested starch function in phase/segment 2,
K2 = rate of digestion in phase/segment 2, and as
t → ∞, D∞ = (D0 + D1 + D2).

Dt ¼ D0 þ t

Kp1 þ Kp2t
þ t

Kp3 þ Kp4t
(3)

where 1/Kp1 = rate of digestion in phase/segment 1,
1/Kp3 = rate of digestion in phase/segment 2, and Kp2

and Kp4 are digested starch functions in phases/seg-
ments 1 and 2 to define the maximum digestible
starch, D∞ = (D0 + [1/Kp2] + [1/Kp4]), as t → ∞.

Statistical analysis

The Microsoft Excel Solver® (GRG nonlinear method)
was simply used, with constraints (D0 ≥ 0 g/100 g dry
starch, D∞ ≤ 100 g/100 g dry starch), for eqns (1–3)
to describe the starch digestograms. Sum of squares of
residuals (SUMSQ), coefficient of determination (r2),
mean relative deviation modulus (MRDM), and plots
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of residuals were the predictability indices (Srikaeo
et al., 2022) for the best model or procedure for the
digestograms. Heterogeneity tests (95% confidence
intervals, the t-test, and coefficients of variation [CV])
were conducted on the rates of starch digestion from
the multiphasic digestograms to conclude the true
starch digestogram classes (Sopade, 2021).

Results and discussion

Chemical and functional properties

Starch content
The white rice samples revealed a similar total starch
content, ranging from about 82–86 g/100 g solids
(Table 1) and within reported values for white rice
(Toutounji et al., 2019). The values are nominally
higher than those (Srikaeo et al., 2022) for the brown
rice forms (66–80 g/100 g solids), which is not unex-
pected, as polishing concentrates endosperm starch.

Pasting properties
The white rice samples revealed heterogeneous pasting
parameters (Table 1) that are also different from those
(Srikaeo et al., 2022) of their brown rice forms. Past-
ing properties are influenced by starch and non-starch
properties (Meadows, 2002), and the waxy white rice
samples, wrSP and wrLP, like their brown rice forms,
pasted to a high peak viscosity, with a high breakdown
viscosity, as they were highly shear-sensitive, yielding a
low final viscosity. Samples wrP2 and wrR6, the high-
amylose rice, peaked at a low viscosity and were more
resistant to shearing or stirring, leading to low break-
down and high final viscosities, as generally found for
high-amylose samples. However, as explained for the
brown rice forms (Srikaeo et al., 2022), and in view of
the pasting viscosities of samples wrSY, wrP8, and
wrR4 (medium to high amylose) relative to sample
wrKD (low-medium amylose), factors other than amy-
lose (e.g., non-starch components, complexes of
amylose, molecular structures, and organisations, etc.)
contribute to final pasting behaviours of
starchy-containing foods. Moreover, white rice flours
can demonstrate higher peak, hold, breakdown, final,
and setback viscosities than brown rice flours because,
rice polishing removes bran layers and their rich phy-
tonutrients and dietary fibre to influence starch-related
properties (Balet et al., 2019).

Gelatinisation properties
Table 1 shows similar gelatinisation temperatures for
the rice samples, but sample wrSY, a medium to high-
amylose sample, was significantly (P ≤ 0.05) different
from others. Previous research has shown a negative
correlation between amylose content and starch gelatini-
sation enthalpy (ΔH), and much higher gelatinisation

temperatures are associated with high-amylose starches
(>40%). This is most likely due to the presence of much
longer amylopectin chains associated with those high-
amylose starches, as opposed to fine amylose structures
(Li et al., 2019). ΔH reflects the thermal energy associ-
ated with crystallite melting, depleting inter- and intra-
helical hydrogen bonds, and is generally inversely pro-
portional to amylose content (Zhang et al., 2017). As a
result, waxy rice samples (wrSP and wrLP) showed the
highest ΔH, although not significantly (P > 0.05) differ-
ent from the low to medium amylose rice samples
(wrKD, wrRB, and wrHN), while the high-amylose
white rice sample wrP2 showed the lowest ΔH. The
waxy white rice samples also gelatinised over the widest
(Tc�To) temperature range (wrSP, 22.9 °C; wrLP,
20.9 °C). In general, a wider range of gelatinisation tem-
peratures indicates a greater crystallinity heterogeneity,
with the least stable crystallites melting at a low temper-
ature (To) and the remaining crystallites melting with
increasing difficulty at higher temperatures (Tc). The
largest (Tc�To) value for waxy rice suggests amylose is
essential for the homogeneous formation of amylopectin
crystallites (Li & Gong, 2020). The gelatinisation prop-
erties of the white rice samples are similar to their brown
rice forms earlier reported (Srikaeo et al., 2022), indicat-
ing minimal effects of the polishing of the varieties on
gelatinisation. Rice polishing can, however, affect starch
gelatinisation and other properties to influence starch
digestion (Lin et al., 2019).

In vitro starch digestibility of the white rice

Slope changes or discontinuities
Table 2 summarises the polynomial equations of orders
1–3 for the LOS-TLOS plots of the samples based on
the Sopade Objective Procedure (Sopade, 2021). The
polynomial equations adequately described (P ≤ 0.05)
the samples, and Fig. S2 shows typical LOS-TLOS
plots, indicating true and preliminary digestogram clas-
ses to emphasise differences. From the F-values
(Table 2), the linear equation (order 1) was the best
(lowest F-value) for samples wrHN, wrR4, wrP2, and
wrR6, the quadratic equation (order 2) was the best for
samples wrSP, wrLP, wrSY, and wrP8, and the cubic
equation (order 3) was the best for samples wrKD and
wrRB. Discarding over-parameterisations in the Sopade
Objective Procedure (Sopade, 2021), the cubic equation
did not solely describe the samples.
Table 2 reports some non-defined (ND) TLOScritical,

practical, because the stationary and/or inflection point(s)
from the first and/or second derivatives of the appropri-
ate polynomial equation did not leave enough data to
be applied, were negative, or higher than the highest
digestion time of 120 min (Sopade, 2021, 2022b).
Hence, the samples exhibited monophasic starch diges-
tograms, except sample wrRB that was possibly
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Table 2 Polynomial equations for the objective logarithm of slope (the Sopade Objective Procedure)

Rice samples/Regression

parameters

The Sopade Objective Procedure

Linear, First-order

polynomial Quadratic, Second-order polynomial Cubic, Third-order polynomial

wrSP LOS = (�2.6 × 10�2)

TLOS + 0.38

LOS = (3.6 × 10�4)

TLOS2 � (6.3 × 10�2) TLOS + 0.89

LOS = (�1.0 × 10�7) TLOS3 + (3.7 × 10�4)

TLOS2 � (6.3 × 10�2) TLOS + 0.89

r2 0.831 0.966 0.966

F-value 1.40 × 10�7 9.27 × 10�12 1.56 × 10�10

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrLP LOS = (�2.6 × 10�2)

TLOS + 0.31

LOS = (6.1 × 10�4)

TLOS2 � (8.9 × 10�2) TLOS + 1.17

LOS = (4.9 × 10�6) TLOS3 � (1.8 × 10�4)

TLOS2 � (5.8 × 10�2) TLOS + 0.94

r2 0.631 0.924 0.937

F-value 8.22 × 10�5 4.13 × 10�9 1.25 × 10�8

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrKD LOS = (�2.9 × 10�2)

TLOS + 0.38

LOS = (2.4 × 10�4)

TLOS2 � (5.5 × 10�2) TLOS + 0.72

LOS = (�1.1 × 10�5) TLOS3 + (2.0 × 10�3)

TLOS2 � (1.2 × 10�1) TLOS + 1.23

r2 0.816 0.862 0.924

F-value 2.84 × 10�7 3.50 × 10�7 4.31 × 10�8

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrRB LOS = (�4.1 × 10�2)

TLOS + 0.51

LOS = (4.4 × 10�4)

TLOS2 � (8.6 × 10�2) TLOS + 1.14

LOS = (1.1 × 10�5) TLOS3 � (1.3 × 10�3)

TLOS2 � (1.6 × 10�2) TLOS + 0.60

r2 0.817 0.898 0.933

F-value 2.68 × 10�7 3.70 × 10�8 1.91 × 10�8

TLOS critical, practical

(min.)

NA ND 45.3

Inference (preliminary) Biphasic

wrHN LOS = (�3.4 × 10�2)

TLOS + 0.47

LOS = (�4.8 × 10�5)

TLOS2 � (2.9 × 10�2) TLOS + 0.40

LOS = (�1.3 × 10�5) TLOS3 + (2.0 × 10�3)

TLOS2 � (1.1 × 10�1) TLOS + 1.02

r2 0.815 0.817 0.885

F-value 2.91 × 10�7 2.98 × 10�6 8.17 × 10�7

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrSY LOS = (�2.4 × 10�2)

TLOS � 0.02

LOS = (3.1 × 10�4)

TLOS2 � (5.6 × 10�2) TLOS + 0.56

LOS = (�6.9 × 10�6) TLOS3 + (1.4 × 10�3)

TLOS2 � (1.0 × 10�1) TLOS + 0.89

r2 0.702 0.797 0.829

F-value 1.43 × 10�5 6.35 × 10�6 1.21 × 10�5

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrP8 LOS = (�2.4 × 10�2)

TLOS + 0.15

LOS = (3.4 × 10�4)

TLOS2 � (5.9 × 10�2) TLOS + 0.63

LOS = (4.8 × 10�6) TLOS3 � (4.3 × 10�4)

TLOS2 � (2.8 × 10�2) TLOS + 0.40

r2 0.706 0.829 0.845

F-value 1.28 × 10�5 1.78 × 10�6 6.20 × 10�6

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrR4 LOS = (�3.7 × 10�2)

TLOS + 0.30

LOS = (2.9 × 10�4)

TLOS2 � (6.7 × 10�2) TLOS + 0.71

LOS = (4.5 × 10�6) TLOS3 � (4.3 × 10�4)

TLOS2 � (3.9 × 10�2) TLOS + 0.50

r2 0.746 0.783 0.790

F-value 3.84 × 10�6 1.40 × 10�5 5.19 × 10�5
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biphasic in starch digestion, but no samples indicated
triphasic starch digestograms (Table 2). Deeply probing
the preliminary biphasic phenomenon in sample wrRB,
Table S1 shows the heterogeneity test (95% confidence
interval, t-test, and CV) on the predicted rates of starch
digestion from the Sopade Objective Procedure and the
two-term models. The Procedure was the best of the
three, in terms of the predictability indices, and while
the two-term non-exponential model suggested a true
biphasic digestograms, both the Procedure and two-
term exponential model confirmed (overlapped 95%
confidence intervals and non-significant t-test) sample
wrRB to be truly monophasic. We are, however, aware
of the high SD of one of the rates of the preliminary
biphasic digestograms, but the Dixon Q-test (Roraba-
cher, 1991; Forestier & Sopade, 2022) for outliers only
applies to ≥3 sample sizes. This heterogeneity test again
shows the benefits of analysing starch digestograms with
a few models to choose the best. Our previous study
(Srikaeo et al., 2022) on the brown forms already
recommended the Sopade Objective Procedure as the
best modelling approach for these rice varieties, which is
strengthened in the present study and with
sample wrRB.

Hence, all the white rice samples solely and objec-
tively exhibited monophasic starch digestograms, and
Fig. 1 typifies the predicted starch digestograms, indi-
cating the suitability of the Procedure (r2 ≥ 0.975,
P ≤ 0.05; SUMSQ ≤ 3.2; MRDM ≤ 2.6; Table S2),
in describing the in vitro starch digestibility of the
white rice. Our previous study (Srikaeo et al., 2022)

revealed biphasic (rapid-slow and slow-rapid) digesto-
grams in the brown rice forms of rbKD, rbR4,
rbRB, and rbSY, which polishing changed to mono-
phasic digestograms in the white rice (wrKD, wrR4,
wrRB, and wrSY). Therefore, the polishing, removal
of the hulls and brans, and most of, if not, all their
non-starch components, possibly removed initial or
final hindrances to starch digestion in the white rice
that would have, respectively, led to rapid–slow or
slow-rapid biphasic digestograms, measured in the
brown rice forms. Rice milling or polishing removes
bran layers from brown rice (Fig. S1) to influence
rice nutritional profiles (Paiva et al., 2014), and the
present study established patterns and modes of
starch digestion were affected by rice milling or pol-
ishing, which has not been solidly and objectively
established before. It is worth noting that both the
pigmented and non-pigmented white rice exhibited
monophasic starch digestograms possibly because the
polishing or milling substantially removed the pig-
ments with the bran layers (Fig. S1), as demonstrated
by Paiva et al. (2014). The pigmented brown rice
forms (rbLP, rbHN, rbRB, and rbSY; Srikaeo
et al., 2022), however, revealed mono- and bi-phasic
starch digestograms, with the biphasic rbRB (rapid-
slow) and rbSY (slow-rapid) even showing opposite
starch digestion phenomena. As with food systems,
rice pigments are made up of many compounds and
dependent on degree of rice polishing or milling
(Paiva et al., 2014, 2016) to differently modulate
starch digestibility.

Table 2 (Continued)

Rice samples/Regression

parameters

The Sopade Objective Procedure

Linear, First-order

polynomial Quadratic, Second-order polynomial Cubic, Third-order polynomial

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrP2 LOS = (�3.0 × 10�2)

TLOS + 0.20

LOS = (1.0 × 10�4)

TLOS2 � (4.1 × 10�2) TLOS + 0.35

LOS = (�1.2 × 10�6) TLOS3 + (2.9 × 10�4)

TLOS2 � (4.8 × 10�2) TLOS + 0.41

r2 0.958 0.968 0.969

F-value 1.76 × 10�12 6.58 × 10�12 9.42 × 10�11

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

wrR6 LOS = (�5.5 × 10�2)

TLOS + 0.79

LOS = (1.2 × 10�5)

TLOS2 � (5.6 × 10�2) TLOS + 0.80

LOS = (4.9 × 10�6) TLOS3 � (7.7 × 10�4)

TLOS2 � (2.5 × 10�2) TLOS + 0.57

r2 0.971 0.971 0.975

F-value 1.13 × 10�13 3.27 × 10�12 1.92 × 10�11

TLOS critical, practical

(min.)

NA ND ND

Inference (final) Monophasic

LOS, Logarithm of slope (= ln Dtnþ1�Dtn

� �
= tn þ 1�tnf g); TLOS = Logarithm of slope time (= [tn + 1 + tn]/2); NA, Not applicable; ND, Not defined or

Non-practical. Bold F-values are the lowest.
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Starch digestion parameters and estimated glycaemic index
Using the Sopade Objective Procedure, the in vitro
starch digestion parameters of the samples are sum-
marised in Fig. 2a–d (Table S2). In addition, the com-
parison of digestion parameters of the monophasic raw
brown (Srikaeo et al., 2022) and white rice in this study
is shown in Table S3. Estimated glycaemic indices, eGIs,
of foods are valuable, and for uncooked foods, rice in
the present study, eGIs provide a baseline to build an
understanding of further processing, treatments, and
preparations. Rice, for example, are cooked or prepared
in different ways, and understanding non-processed,
non-treated, or uncooked rice establishes the necessary
baseline, with no compounding effects of cooking, to
comprehend the effects of further treatments and han-
dlings of the varieties in the present study.

The eGI values of the white rice samples were
obtained by calculating the areas under the digesto-
grams from 0 to 120 min (Srikaeo et al., 2011, 2022;

Sopade, 2022a, 2022b) relative to that of the white
wheat bread described in Petchoo et al. (2021) to define
the hydrolysis indices (HI = sample digestogram area/
bread digestogram area) of the samples. With the white
rice all truly exhibiting monophasic starch digesto-
grams, the area under each digestogram from 0 to
120 min was calculated using eqn (4), and the average
eGI values (eGIAVG) were calculated using eqn (5), as
detailed elsewhere (Sopade, 2017, 2022a).

Zt2 ¼120ð Þ

t1 ¼0ð Þ

D0 þD∞�0 1�exp �Kt½ �ð Þ

¼ D0tþD∞�0tþD∞�0

K
exp �Ktð Þ

� �120
0

or

D∞tþD∞�0

K
exp �Ktð Þ

� �120
0

(4)

Figure 1 Experimental (Expt) and predicted (Pred) digestograms showing the residuals (Res) of the predictions for typical samples (Error bars

are standard deviations).
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(e)

(f)

(g)

(h)

(a)

(b)

(c)

(d)

Figure 2 In vitro starch digestion parameters of the white rice samples (bar charts a–d) and the Brown (rb)-white rice (wr) comparisons (radar

charts e–h; NS, non-significant; *P ≤ 0.05).
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eGIAVG ¼ 26:10þ 0:69HIð Þ þ 1:01HI

2
: (5)

The eGIs of the white rice ranged from 64 to 84 g/
100 g (Fig. 2d and Table S2), with samples wrSP and
wrLP, the waxy varieties, revealing the highest eGI,
while the lowest eGI was obtained from wrP2 with the
highest amylose content. Although the eGI–amylose
content relationship of the white rice samples revealed
an inverse trend, it is worth stating that amylose is not
the only factor determining starch digestibility espe-
cially in intermediate and high-amylose rice (Hu
et al., 2004). Amylose fine molecular structures play a
role in rice digestibility (Gong et al., 2019), while
native rice starches with shorter amylopectin short
chains (DP 10–26) have been revealed to have more
perfectly aligned crystalline lamellae and much slower
digestion rates than other starches (Li et al., 2021).
Possibly non-starch micro- and macro-components
also play a role, as our study (Srikaeo et al., 2022) on
the brown rice forms showed the starch digestibility
parameters were independent of the amylose contents.
The other digestion parameters, very rapidly (salivary–
gastric) digestible starch, D0 (0.2–3.8 g/100 g dry
starch; Fig. 2a), maximum digestible starch, D∞ (39.9–
53.4 g/100 g dry starch; Fig. 2b), and rate of starch
digestion, K1 (0.028–0.054 min�1, Fig. 2c) were differ-
ently (P ≤ 0.05) defined by the white rice varieties. It
is noteworthy that the digestion parameters in the pre-
sent study are different from those in Srikaeo
et al. (2022), even from the same varieties. The sam-
ples in the present study were obtained from research
institutes, while those in Srikaeo et al. (2022) were
obtained from local markets. Market samples, possibly
mixtures from different farms/suppliers, are not
expected to be as genetically pure as samples from
research institutes. There could also be agronomical/
environmental differences that are known to influence
food properties.

The effects of the polishing on the rice varieties were
further probed by examining the digestion parameters
of varieties SP, LP, HN, P8, P2, and R6 that were
monophasic in both brown (Srikaeo et al., 2022) and
white (this study) forms. While polishing was not a vari-
able in this study, as the varieties were polished to only
the market eating level, the stated varieties provide
insights into the different effects of polishing that might
be varietal dependent. Apart from variety LP, a waxy
pigmented rice, showing its brown form was more
digestible than its white form, the white rice samples
had significantly (P ≤ 0.05) higher rate of starch diges-
tion, K1 (Fig. 2g) and eGI (Fig. 2h) than the brown
forms. However, there are no clear effects of the polish-
ing on the very rapid, salivary–gastric, D0 (Fig. 2e) and
maximum, D∞ (Fig. 2f) digestible starches. Hence, while

bran and hull removals affect rice starch digestibility,
this depends on other factors/interactions, which need
be objectively established. It is noteworthy also that
despite the higher concentration of rice bran pigments
in the brown form of sample LP (rbLP) than the white
form (wrLP), wrLP was less digestible. However, the
higher concentration of rice bran pigments in the pig-
mented brown rice HN (rbHN), among other compo-
nents, possibly slowed its digestibility relative to the
white rice form (wrHN). Although the present study did
mandate bran pigment-starch digestibility relationships
in rice, the observations with the rice varieties demand
studies on such relationships using a robust in vitro
starch digestion technique with a novel starch digesto-
gram modelling approach, as presented. This will
demand knowing the characteristics of the pigments in
a progressive study for their inhibitory and/or contribu-
tory effects on rice starch digestibility. Having estab-
lished the trends with the raw brown and white rice, the
effects of cooking, for example, on the varieties can be
better understood, as systematically explored in further
studies.

Conclusions

In vitro starch digestion of ten raw Thai white rice
revealed monophasic starch digestograms in the sam-
ples, as analysed by objective logarithm of slope, the
Sopade Objective Procedure. Multiterm exponential
and non-exponential models, backed up with heteroge-
neity tests, were used to support the Procedure in con-
firming the true digestogram class of the samples. The
samples showed differences in their digestion parame-
ters, as well as their starch and amylose contents, and
pasting and gelatinisation properties. While all the
white rice samples exhibited monophasic starch diges-
tograms, their brown rice forms revealed both mono-
and bi-phasic digestograms. Moreover, for the brown
rice forms that revealed monophasic digestograms,
their digestion parameters were different from the
white rice samples, highlighting the rice polishing mod-
ified the patterns and modes of starch digestion. This
will help understanding the starch digestibility of the
samples when further processed/treated, as in different
cooking techniques for consumption.
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the online version of this article:

Figure S1. The photos of the samples as brown and
white rice: San-pah-tawng (SP), Leum Pua (LP), Khao
Dawk Mali 105 (KD), Riceberry (RB), Hom Nil (HN),
Sang Yod Phattalung (SY), Phitsanulok 80 (P8), RD 43
(R4), Phitsanulok 2 (P2) and RD 61 (R6).
Figure S2. Typical logarithm of slope (LOS) plots

showing one (monophasic) or two (preliminary
biphasic) segment(s).
Table S1. Heterogeneity test on sample wrRB – Pre-

liminary to true digestogram phases.
Table S2. The digestion parameters and amylose

contents of the white rice samples.
Table S3. The comparison of digestion parameters

of the monophasic raw brown rice (rb) and raw white
rice (wr).
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