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Abstract
Whole-grain oats have been identified as a type of food that blunts blood glucose increase after a meal. However, processing of oats changes
the physical characteristics of the grain, which may influence human glycaemic response. Therefore, the effect of different processes on acute
postprandial glycaemic response, quantified using glycaemic index (GI) measurements, was investigated in a systematic review. A review of
the literature identified twenty publications containing fifty-six individual tests. An additional seventeen unpublished tests were found in an
online database. Of the seventy-two measurements included in the review, two were for steel-cut oats, eleven for large-flake oats, seven for
quick-cooking (small flake) oats, nine for instant oatmeal and twenty-eight for muesli or granola. One granola measurement was identified as
an outlier and was removed from the statistical analysis. In all, fifteen clinical tests were reported for rolled oat porridge that did not specify the
type of oats used, and thus the effect of processing could not be assessed. Steel-cut oats (GI= 55 (SE 2·5)), large-flake oats (GI= 53 (SE 2·0)) and
muesli and granola (GI= 56 (SE 1·7)) elicited low to medium glycaemic response. Quick-cooking oats and instant oatmeal produced
significantly higher glycaemic response (GI= 71 (SE 2·7) and 75 (SE 2·8), respectively) than did muesli and granola or large-flake oatmeal
porridge. The analysis establishes that differences in processing protocols and cooking practices modify the glycaemic response to foods made
with whole-grain oats. Smaller particle size and increased starch gelatinisation appear to increase the glycaemic response.
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Oats have a long tradition of use in food(1), and oatmeal
porridge is widely recognised as an inexpensive, healthy
food(2,3). Unlike wheat, this cereal grain is usually consumed in
whole-grain form. Oats are higher in protein, Ca and essential
fatty acids than are other grains(2). Oats are also high in dietary
fibre, including soluble fibre, mixed linkage β-glucan, which
has been shown to reduce serum cholesterol, a risk factor for
CHD(4). Although a number of oat products are available
commercially, oatmeal for porridge and ready-to-eat cereals,
such as muesli and granola, remain the most popular oat-based
consumer products in the market(3).
Oats for making hot cereal are available in different forms,

including steel-cut oats, large-flake oats, quick-cooking oats and
instant oatmeal. Oat flakes are also used to make muesli and
granola cereal, generally eaten cold. Because these products
have different physical characteristics, it is important to know
whether different processing protocols applied to whole-grain
oat products affect their nutritional properties. There is
evidence that whole-grain oats have the ability to lower
postprandial blood glucose(5), and it is of interest to know
whether this property is affected by processing.

Oat milling conditions are modified to produce a range of
characteristics. After dehulling, oats are kilned to inactivate
enzymes and develop the typical nutty, toasted flavour. Kilning
is a steam heating process followed by drying and cooling(6).
Steel-cut oats are produced by cutting the groats into two to
four pieces laterally. Oat flakes are made by passing whole
groats, which have been tempered or steamed, between a
pair of rollers(6). The gap between the rollers determines the
thickness of the flakes(7). Thick oat flakes, also called old-
fashioned, traditional or jumbo flakes, are made using a wider
gap compared with thin oat flakes, generally referred to as
quick oatmeal. The smaller flake size of quick oats means that
they require a shorter cooking time(6). Instant oatmeal is made
from steel-cut oats that have been kilned at a higher tempera-
ture than normal steel-cut oats to partially gelatinise the
starch(6). The rollers are set close together to produce thin
flakes. This milling process enables instant oatmeal to hydrate
quickly in boiling water(3). Muesli and granola are whole-
oat-flake cereals that usually include a variety of dried fruit, nuts
and seeds, and are generally eaten without further cooking(7).
Muesli is generally produced from large or small oat flakes
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without further treatment, whereas granola is usually made by
toasting the oat flakes(7).
Processing and preparation of food products has the potential

to change the structure of food products and the characteristics
of the starch(8). The shear between the rollers during milling
breaks cell walls and increases the bio-accessibility of starch by
digestive enzymes. Combined heat and moisture treatments
during kilning and cooking cause partial or complete disruption
of the starch granules in oats(9). Cooking or steaming allows
water to be absorbed into the starch granules so that they swell
and solubilise the starch molecules. This open structure allows
digestive enzymes to penetrate the starch more easily,
increasing the rate of breakdown. Thorough cooking can cause
the starch granules to be completely disrupted; this process
is called gelatinisation(10). Soluble starch is released and
becomes very susceptible to enzymatic degradation. Thus, the
effects of processing on whole-grain oat foods may affect starch
digestibility and the glycaemic response.
Glycaemic index (GI) is a classification of the blood glucose-

raising potential of carbohydrate foods(11). It is defined as ‘the
incremental area under the blood glucose response curve
elicited by a 50 g available carbohydrate portion of a food
expressed as a percentage of that after 50 g carbohydrate from
a reference food taken by the same subject’(11). Because GI is a
property of an individual food, it is useful for assessing the
effects of processing.
The objective of the current review was to compare the GI of

different whole-grain oat food products to determine whether
milling and cooking practices influence the glycaemic response
of humans. Differences between products were discussed
in terms of composition, processing history and product
characteristics that influence starch digestibility.

Methods

A preliminary search showed that GI was the most commonly
used indicator of glycaemic response for whole-oat foods;
therefore, GI was used as a standardised value to make
comparisons between products. To be eligible for inclusion
into the investigation the studies had to be clinical trials
performed in human subjects in which GI had been measured
or could be calculated by means of the standardised method
from available data(6). Food items made with whole-grain oats
in which oat was the only or main ingredient, such as oat
porridges, granola and muesli, were included. Food items in
which oat bran or oat extracts were the main ingredient were
not included.
PubMed and Scopus search engines were searched for

original journal articles on 8 December 2014. The search string
was ((oat or oats or oatmeal or porridge or granola or muesli)
and (glycemic index or glycaemic index)). The screening
process is outlined in Fig. 1. PubMed returned sixty-four results,
whereas Scopus returned ninety-nine. After elimination of
duplicates 106 articles remained. Of these articles, which were
reviewed by title and abstract, thirteen were eliminated because
they were not clinical trials conducted in human subjects, and
thirty-six of the identified articles did not use acceptable

methodologies. Many were longer term studies (up to 12
weeks) that did not measure postprandial blood glucose, used
mixed meals, did not include a control, or involved
vigorous exercise during testing. A total of twenty-eight of the
identified articles did not include oats or use whole-grain oats.
In all, eighteen articles were studies that used food items that
were not mainly oats, such as bread and cookies.

A total of eleven clinical trials met the criteria for inclusion.
A total of nine other journal articles were also identified
during the review process in the reference lists and were
included(23; 24; 25; 26; 27; 28; 29; 30; 31).

The Glycemic Index(12) website managed by The University
of Sydney was consulted for unpublished results. Searches were
conducted individually for oats, oatmeal, porridge, granola and
muesli. A total of thirteen products were found that had been
tested by the Glycemic Index Research Service of Sydney
University(12). One product was tested by the International
Diabetes Institute(13), and three results were from Glycemic
Index Laboratories Inc.(14). These independent testing labora-
tories were considered reliable sources of information, and the
data were included in the review.

Data extracted from the publications included product type,
GI with the standard error, available carbohydrates per serving,
and the number and health status of subjects. When GI was
calculated using white bread= 100, the data were recalculated
on a glucose= 100 basis. The GI did not need to be calculated
from AUC data in any of the articles. Descriptions of the pro-
ducts, cooking protocols and β-glucan content were also col-
lected to be used in discussion of differences in glycaemic
response.

Some of the publications identified the type and source of
rolled oats and the cooking method, but others did not. If the
type of oat was ambiguous, but the cooking method was
provided, oats that were cooked in 5 min or less were
considered quick oats; and oats cooked in 10 min or more were
considered large-flake oats. Other authors only indicated
statements like ‘oats cooked according to the package
directions’ or had no information; these were put in a separate
group called ‘rolled oats’ to allow statistical evaluation.

Statistical analysis was performed with Prism 5 (2007) by
GraphPad Software Inc. (www.GraphPad.com). The D’Agostino–
Pearson omnibus normality test was performed to ensure
that the groups were normally distributed. The mean values,
standard errors and number of subjects of each test were used
to conduct a one-way ANOVA and calculate the grand mean
and overall standard error. Tukey’s multiple comparison tests
were conducted to distinguish differences between treatments.
The threshold for statistical significance was P= 0·05. Results
are expressed as means with their standard errors for individual
tests and as grand means with their standard error for product
groups. Regression analysis was performed to detect possible
effects of available carbohydrate dose on GI measurements.

Results

A total of seventy-two measurements were found from twenty
publications and three independent laboratories. Table 1
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summarises the results by product category. Only two observa-
tions were reported for steel-cut oats, whereas there were
twenty-eight measurements for muesli and granola. The number
of subjects used to determine GI ranged from six to nineteen, but
88 % of the measurements were recorded using eight to twelve
subjects. The majority of measurements (93 %) were conducted
in healthy subjects with normal glycaemic responses. The
remaining five trials used type 1 and/or type 2 diabetic subjects.
The β-glucan content was not reported for any of the products.
The available carbohydrates in the test meals ranged from

16 to 50 g. Although the definition of GI stipulates the use of
50 g of available carbohydrate, it has been recognised that
smaller amounts can be used, provided the control contains an
equivalent amount of available carbohydrate(37). To ensure that
the available carbohydrate dose did not influence the result,
regression analysis was performed. No significant slope was
detected for large-flake (P= 0·11), quick (P= 0·65), instant
(P= 0·43), unspecified rolled oats (P= 0·99) or granola and
muesli (P= 0·65), indicating that the measurements taken using
different doses were comparable.
The GI values ranged from 39 to 88, which is very large,

considering that all of the products were entirely or mainly oats.
The large-flake, instant, rolled oat and muesli groups passed the
test of normality; however, the steel-cut and quick groups were
too small to be assessed.

There were two measurements in the steel-cut oatmeal
group, and the GI was 55 (SE 2·5) (range= 52–57). The eleven
products in the large-flake oatmeal group had an average GI of
53 (SE 2·0) (range= 40–63), whereas the seven products in the
quick-oatmeal group had an average GI of 71 (SE 2·7)
(range= 61–80). The fifteen rolled oat products in which the
flake size was not given and could not be assigned to either the
large or the quick groups had an average GI of 51 (SE 2·3)
(range= 40–69). Instant oatmeal (nine measurements) had an
average GI of 75 (SE 2·8) (range= 65–88). One outlier was
removed from the muesli and granola group, because it was
more than 3 SD higher than the mean(21). Removing this data
point for a commercial muesli product (GI= 86 (SE 10)) resulted
in smaller confidence intervals. After removal of the outlier the
average of the twenty-seven measurements was GI= 56 (SE 1·7)
(range= 39–70).

Fig. 2 shows the distribution of GI values for the different
groups of products and the median. Quick oats and instant
oatmeal were not significantly different from each other
(P> 0·05). Steel-cut oats were found to be significantly different
only from instant oatmeal (P< 0·05). The GI of the large-flake,
rolled oats (unspecified size) and the muesli/granola groups
were not significantly different from each other (P> 0·05).
Porridge made from large flakes or rolled oats (unspecified size)
and muesli/granola was significantly lower in glycaemic

PubMed
64 articles

Scopus
99 articles

Added:
unpublished 
data from three 
laboratories

163 articles 
Removed:
57 duplicates

Removed 95 articles:
13 were not human clinical trials
36 did not use appropriate methods
28 did not use whole-grain oats
18 used other food formats 

106 unique articles 

11 articles 

1 outlier72 measurements 

→ 56 measurements
20 articles 

→ 16 measurements
+ database entries

Added:
9 articles 
identified in 
reference lists 
during review

71 measurements

2 steel cut•
11 large flake•
7 quick (small flake)•
9 instant•
15 rolled oats (unspecified)•
27 muesli or granola•

Fig. 1. Flow diagram of the study screening and evaluation process.
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Table 1. Summary of glycaemic indices (GI) for whole-grain oat products*
(GI with their standard errors)

Type Description Cooking method GI SE AC (g) Subjects

Steel cut Porridge made from steel-cut oats cooked in water(12) b 52 4 33 9 N
Old-fashioned steel-cut oats(12,14) u 57 8 25 10 N

Large flake Porridge, jumbo oats, with 125ml semi-skimmed milk(15) u 40 6 22 10 N
Porridge made from rolled oats(16) b 49 8 23 6 N
Jumbo porridge oats(17) u 50 12 25 12 N
Oat porridge made from roasted thick flakes(18) u 50 6 27 10 N
Traditional porridge oats made from rolled oats(12) u 51 8 21 10 N
Oat porridge made from steamed thick oat flakes(18) u 53 6 27 10 N
Oat porridge made from thick oat flakes(18) u 55 6 27 10 N
Traditional rolled oats(12) u 57 5 19 10 N
Porridge made from rolled oats(19) b 58 4 21 7 N
Jungle oats with 150ml milk and 20 g sugar(20) b 62 6 50 18 N
Porridge made from rolled oats, Scottish(21) m 63 7 31 10 N

Quick (small flake) Porridge made from small oats with 125ml semi-skimmed milk(15) u 61 6 22 10 N
Rolled oats porridge(22) b 62 6 50 9 N
Oat porridge made from roasted thin oat flakes(18) b 69 6 27 10 N
Bokomo oats with 150ml milk and 20 g sugar(20) b 74 7 50 19 N
Porridge made from rolled oats(23) b 75 23 8 D
Oat porridge made from thin flakes(24)(10) u 76 7 25 12 N
Oat porridge made from roasted and steamed thin oat flakes(18) b 80 6 27 10 N

Instant Quick oats, instant porridge(25,26) i 65 26 6 D
Instant porridge, anchovy flavour(27) i 67 5 50 10 N
Instant porridge(28) i 69 3 20 8 N
Instant porridge with 150ml milk and 20 g sugar(20) i 71 4 50 19 N
Instant porridge(25) i 71 24 10 D
Instant oat porridge(12) m 82 10 24 10 N
Instant oat cereal porridge(29) i 83 10 36 10 N
Instant oatmeal porridge made from packet(28) i 83 7 22 8 N
Instant porridge(17) i 88 14 25 12 N

Rolled oats (unspecified type) Hot oat cereal with 125ml skimmed milk(29) u 40 9 23 10 N
Hot oat cereal, cocoa flavour with 125ml skimmed milk(29) u 40 5 23 10 N
Porridge made from rolled oats(30) m 42 4 21 7 N
Hot oat cereal, berry flavour with 125ml skimmed milk(29) u 43 6 26 10 N
Hot oat cereal, fruit flavour with 125ml skimmed milk(29) u 47 8 25 10 N
Hot oat cereal, honey flavour with 125ml skimmed milk(29) u 47 8 26 10 N
Hot oat cereal with 125ml skimmed milk(29) u 47 6 23 10 N
Hot oat cereal, orchard fruit flavour with 125ml skimmed milk(29) u 50 7 25 10 N
Porridge oats made from rolled oats(12,13) u 50 4 19 12 N
Porridge made from rolled oats(28) u 55 2 23 9 N
Porridge made from rolled oats(31) u 58 9 21 10 N
Porridge made from oats(32) u 46 50 12 N
Porridge made from rolled oats(21) m 63 11 29 8 N
Porridge, organic made from rolled oats(21) m 63 15 30 8 N
Porridge made from rolled oats(33) b 69 6 23 6 D

Muesli and granola Muesli, gluten-free with 125ml 1·5% fat milk(12) n 39 6 19 9 N
Muesli, natural(12) n 40 6 19 10 N
Muesli, toasted(34) n 43 4 17 8 N
Granola, superfoods granola(17) n 44 13 50 12 N
Muesli, café-style fibre-rich(12) n 48 6 19 10 N
Muesli, natural Bircher(12) n 48 5 22 10 N
Muesli, gluten-free(12) n 49 3 22 10 N
Muesli, wheat-free with 125ml semi-skimmed milk(15) n 49 6 19 10 N
Muesli, classic fruit and nut(12) n 50 5 24 10 N
Muesli, Swiss Bircher(12) n 52 5 17 10 N
Muesli, lite(31) n 54 12 18 10 N
Original muesli, made from steamed rolled oats with dried fruit and nuts(35) n 55 10 19 14 N
Muesli, Swiss formula(34) n 56 8 16 8 N
Muesli, natural(31) n 57 9 19 10 N
Muesli, fruit and nut(21) n 59 11 18 8 N
Muesli, original, with 125ml semi-skimmed milk(15) n 60 6 19 10 N
Muesli, Swiss with 125ml semi-skimmed milk(15) n 60 6 19 10 N
Muesli, breakfast cereal(25) n 60 8 18 9 D
Muesli, natural-style original Swiss(12) n 62 6 18 9 N
Granola clusters breakfast cereal, original low fat(12,14) n 63 4 22 10 N
Muesli, light, mixed berry and apple flavour(12) n 64 7 20 10 N
Muesli, blueberry(36) n 64 6 50 10 N
Muesli, plain rolled oats(22) n 65 5 50 9 N
Muesli, toasted with nuts(21) n 65 5 17 10 N
Muesli(16) n 66 9 24 6 N
Muesli, fruit(21) n 67 7 21 10 N
Granola clusters cereal, raisin and almond, low fat(12,14) n 70 7 22 10 N
Muesli(29) n 86† 10 21 10 N

AC, available carbohydrate; b, boiled; N, normal patient; u, unknown (not specified); m, microwave; D, diabetic patient; i, prepared with boiling water; n, no further cooking.
* Product groups are steel-cut oats, large-flake oats, quick oats, rolled oats (type not specified) and muesli and granola. Description of cooking method, GI and SE, serving size,

amount of AC per serving and the number and type of subject (N or D) used in the trial.
† Outlier removed from statistical analysis.
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response than were the quick and instant oatmeal porridges
(P< 0·001 for all pair-wise comparisons).

Discussion

We observed a broad distribution of glycaemic responses to
whole-grain oat products. This range is most probably a
result of differences in processing. The whole-grain oatmeal
porridges differed only in the way they were milled and
cooked. The amounts of protein, lipids and β-glucan in the oat
foods would be approximately the same with minor variations
due to variety and environmental conditions(38). Therefore,
differences in composition cannot explain the differences
observed.
The cooking method for the oatmeal porridges varied. Some

porridges were cooked by boiling for 1–15min, whereas others
were microwaved (Table 1). Many of the authors did not specify
the cooking method. There were insufficient data points in all of
the categories to perform statistical analysis of whether the
cooking method affected the GI. An investigation of the
effect of microwaving v. boiling(10) showed that there was no
significant difference in the amount of starch released after
1 min of cooking for either thin- or thick-flake oatmeal.
However, after 20 min of boiling, significantly less starch was
released than during microwave cooking, because there was
less cell wall disruption.
The available carbohydrate in oat foods is derived

predominantly from starch, with the remainder coming from
added and endogenous sugars(39). In the native oat groat, the
starch granules are surrounded by cell walls within the dense
endosperm structure(8). In steel-cut oats, in which there is
minimal disruption of groat tissue, the starch remains encased
within the cell walls, except at the exposed surfaces(8).
Compared with other oats, steel-cut oats require a longer
cooking time to gelatinise the starch. The GI of steel-cut and
large-flake oats was 55 (SE 2·5) and 53 (SE 2·0), respectively,

suggesting that the integrity of the groat structure reduces the
susceptibility of the starch to digestive enzymes(18,35).

Quick oats and instant oatmeal have more pre-gelatinised
starch and a small particle size(18). The processing steps that
allow the oatmeal to hydrate quickly in boiling water also
appear to increase the glycaemic response. Digestive enzymes
easily penetrate the swollen starch granules that are exposed on
the large surface area. The increased susceptibility to enzymatic
degradation likely accounts for the relatively high glycaemic
responses of quick (GI= 71 (SE 2·7)) and instant (GI= 75
(SE 2·8)) oatmeal porridges.

The GI of the rolled oat group, where no indication was
given of whether they were large-flake or quick oats, was 51
(SE 2·3). From the distribution of the data (Fig. 2), it would
appear that many of the tests used large-flake oats. Compar-
isons of the groups show that the rolled oat group is not
significantly different from the large-flake group (P> 0·05). It is
unfortunate that these fifteen tests of rolled oat porridges could
not be assigned to their appropriate category to increase the
power of the analysis.

Muesli and granola are common food items made with
oat flakes and are eaten without further cooking. The
average GI value for muesli and granola was 56 (SE 1·7).
The range of GI values for muesli and granola was larger
than that of other oat products (39–70), probably because
of the variability in formulation. Considering the ingredients
used in muesli and granola, the values were as expected.
Uncooked rolled oats alone have a GI of 59 (SE 4)(12).
Raisins and other dried fruits, the commonly added ingredients,
show low to medium GI values (30–65)(12,25). Sugar is often
added to commercial products (GI of sucrose= 68 (SE 5))
but does not appear to have had a large effect on the GI
of these products(40). The lack of cooking to gelatinise the
starch and open up the flake structure appears to maintain
the glycaemic response in the low to medium range. The GI
for muesli and granola (Fig. 2) was not significantly different
from that of porridges made from steel-cut and large-flake oats
(P> 0·05).

Conclusions

Milling and cooking practices appear to produce significant
changes in the digestibility of starch in oatmeal products.
Glycaemic response to porridges made from steel-cut and
large-flake oats was significantly lower than that for instant
oatmeal. The difference is probably related to the smaller
particle size, increased degree of physical disruption of the
groat structure during milling and increased starch gelatini-
sation during the production and cooking of oatmeal.
Granola and muesli products had a large range of glycaemic
responses, but on average the GI was significantly lower than
that of quick and instant oatmeal porridges. This may be
because they are not heated in excess water, limiting starch
gelatinisation. Steel-cut and large-flake hot oatmeal
porridges, muesli and granola consistently demonstrate
medium to low glycaemic responses, making them good
options for people who are concerned about blood glucose
response to foods.
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Fig. 2. Glycaemic responses to different types of whole-grain oat products.
Individual measurements are indicated with the median value. a,b,c Columns
with the same letter above them are not significantly different. * Rolled oats
refer to treatments where the type of oat was not specified. ◊ Outlier removed
from the statistical analysis.
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