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Rapidly available glucose in foods: an in vitro measurement that

reflects the glycemic response’?

Klaus N Englyst, Hans N Englyst, Geoffrey J Hudson, Tim J Cole, and John H Cummings

ABSTRACT

Background: A chemically based classification of dietary car-
bohydrates that takes into account the likely site, rate, and extent
of digestion is presented. The classification divides dietary car-
bohydrates into sugars, starch fractions, and nonstarch polysac-
charides, and groups them into rapidly available glucose (RAG)
and slowly available glucose (SAG) as to the amounts of glucose
(from sugar and starch, including maltodextrins) likely to be
available for rapid and slow absorption, respectively, in the
human small intestine.

Objective: We hypothesize that RAG is an important food-
related determinant of the glycemic response.

Design: The measurement of RAG, SAG, and starch fractions by
an in vitro technique is described, based on the measurement by
HPLC of the glucose released from a test food during timed
incubation with digestive enzymes under standardized condi-
tions. Eight healthy adult subjects consumed 8 separate test
meals ranging in RAG content from 11 to 49 g.

Results: The correlation between glycemic response and RAG
was highly significant (P < 0.0001) and a given percentage
increase in RAG was associated with the same percentage
increase in glycemic response. After subject variation was
accounted for, RAG explained 70% of the remaining variance in
glycemic response.

Conclusions: We show the significance of in vitro measure-
ments of RAG in relation to glycemic response in human stud-
ies. The simple in vitro measurement of RAG and SAG is of
physiologic relevance and could serve as atool for investigating
the importance of the amount, type, and form of dietary carbo-
hydrates for health. Am J Clin Nutr 1999;69:448-54.

KEY WORDS

Carbohydrate classification, glycemic index, glycemic
response, rapidly available glucose, RAG, slowly available glu-
cose, SAG, starch

INTRODUCTION

Dietary carbohydrates are digested and absorbed at different
rates and to different extents in the human small intestine,
depending on their botanical source and the physical form of the
food (1). It has been suggested that diets that contain large
amounts of rapidly digested carbohydrates, which elevate blood
glucose and insulin responses, may be detrimental to health. In 2

large, recently published epidemiologic studies, an increased rel-
ative risk of type 2 diabetes mellitus of 2.17 for men and 2.5 for
women was seen with a combination of high glycemic load and
low cereal fiber intake (2, 3). It has been suggested also that diets
rich in slowly digested carbohydrates may protect against
chronic disease (4). Clinical studies of persons with diabetes
have found improved glycemic control with such diets (5-8).
The potential health implications of altering the quality of car-
bohydrates in the diet highlight the requirement for a classifica-
tion of dietary carbohydrates that takes this aspect into account.

The proposed classification of dietary carbohydrates (Table 1),
which was developed in conjunction with human studies, charac-
terizes carbohydrates with respect to both chemical composition
and likely site, rate, and extent of digestion (9-15). Starch is
divided into rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch. Here we describe a technique,
with an HPLC endpoint, for the in vitro measurement of these
starch fractions as well as rapidly available glucose (RAG) and
slowly available glucose (SAG). The designations RAG and SAG
are designed to reflect the rate at which glucose (from sugars and
starch, including maltodextrins) becomes available for absorption
in the human small intestine.

SUBJECTSAND METHODS

Materials

The polyethylene tubes used (50 mL) were from Falcon
(Oxford, United Kingdom). Glass balls (1.5-cm diameter) were
from Magnet Wholesale (Halesworth, United Kingdom). The
shaking water bath was a Grant Instruments Ltd model SS-40-2
(Cambridge, United Kingdom). The bath was fitted with clips to
hold 50-mL tubes exactly horizontal, fully immersed in the
water, with the long axis of each tube in the direction of move-
ment. The HPLC system was from Dionex (UK) Ltd, (Camber-
ley, United Kingdom) and is described in detail below. Reagents
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TABLE 1
Classification of the carbohydrates in plant foods®

Class and component

Comments

Sugars
Mono- and disaccharides and their alcohols

Short-chain carbohydrates

Maltodextrins

Resistant short-chain carbohydrates (nondigestible oligosaccharides)
Starch

RDS

SDS

RS
Nonstarch polysaccharides

Plant cell wall nonstarch polysaccharide (dietary fiber)

Other nonstarch polysaccharides

Physiologic response depends on identity and rate of release
Free glucose + glucose from sucrose = FSG

Measured as RDS
Fermented in the large bowel and may stimulate growth of bifidobacteria

RDS + rapidly released FSG = RAG
SDS + slowly released FSG = SAG
Escapes digestion in the small intestine

Encapsulate and slow absorption of other nutrients;
marker for naturally high-fiber diets for which
health benefits have been shown,;
fermented in the large bowel to different extents

Food additives; minor components of the human diet;
fermented in the large bowel to different extents

1 FSG, free sugar glucose; RDS, rapidly digestible starch; RAG, rapidly available glucose; SDS, slowly digestible starch; SAG, slowly available

glucose; RS, resistant starch.

were from Sigma (Poole, United Kingdom) or Merck (Poole,
United Kingdom) unless stated otherwise.

The internal standard solution was 40 g arabinose/L in water
with 50% saturated benzoic acid. The stock sugar mixture was
50 g glucose/L and 25 g fructose/L in water with 50% saturated
benzoic acid. Sugars were dried to constant weight at reduced
pressure over phosphorus pentoxide before use.

The enzymes used were pepsin from Sigma (catalog no. P-
7000; St Louis), amyloglucosidase from Novo Nordisk (AMG 400
L type LP; Bagsvaerd, Denmark), pancreatin from Sigma (catalog
no. P-7545), and invertase from Merck (catalog no. 390203D).
The enzyme mixture was prepared on the day of use. For 18 sam-
ples, 3.0 g pancreatin was weighed into each of 6 centrifuge tubes
and a magnetic stirring bar and 20 mL water was added to each.
The pancreatin was suspended by vortex mixing and then mixed
for 10 min on a magnetic stirrer. The tubes were centrifuged at
1500 X g for 10 min; 15 mL of the cloudy supernate from each
tube (90 mL total) was removed into a flask and 4 mL amyloglu-
cosidase and 6 mL invertase were added and mixed well.

Analytic protocol

The method described here is modified from that of Englyst et
a (12), which uses a colorimetric endpoint. The method
described here is made more reproducible by the introduction of
an HPLC endpoint, which allows the use of an internal standard
and has the potential advantage of measuring sugars other than
glucose. The method yields CV's of 3.7% intraassay (n = 3 X 5)
and 6.6% interassay (n = 3 X 6) for the measurement of RAG,
2.2% and 3.9% for the sum of RAG and SAG (G,,), and 1.6%
and 2.5% for total glucose for the 3 reference samples, respec-
tively.

It isimportant that samples are analyzed in aform that resem-
bles the food “as eaten.” The spaghetti and pearled barley were
first boiled in water, for 11 and 30 min, respectively, then
drained and while still hot passed through a hand-operated min-
cer with holes 0.9 cm in diameter. The minced samples were kept
at 60—70°C until analyzed. The corn flakes were crushed and the
white bread was broken up.

In vitro measurement of free sugar glucose and fructose

Samples of food (containing <0.6 g carbohydrate) were
weighed to the nearest milligram into 50-mL polypropylene cen-
trifuge tubes and 5 mL internal standard (arabinose), 20 mL water,
and 5 glass balls were added. The tubes were capped and the con-
tents vortex mixed vigorously. The tubes were placed into a boil-
ing water bath and left for 30 min. The tube contents were then
vortex mixed vigorously to completely disrupt the sample. The
tubes were cooled to 37°C, 0.3 mL invertase was added, and the
tubes placed into a shaking water bath at 37°C and left for 30 min.
Then 0.2 mL of each sample was added to 4 mL absolute ethanol
and vortex mixed; this was the free sugar glucose (FSG) portion.
Values for FSG (the sum of free glucose and glucose from
sucrose) and for free sugar fructose (FSF; the sum of free fructose
and fructose from sucrose) were obtained from this portion.

In vitro measurement of RAG, SAG, total glucose, and
starch fractions

Samples of food (containing <0.6 g carbohydrate) were
weighed to the nearest milligram into 50-mL polypropylene cen-
trifuge tubes. Internal standard solution (5 mL of 40 g arabi-
nose/L) and 10 mL freshly prepared pepsin—guar gum solution (5
g pepsin/L and 5 g guar gum/L in 0.05 mol HCI/L) was added.
The tubes were capped and the contents were vortex mixed and
placed into a water bath at 37°C for 30 min to alow hydrolysis
of proteins by pepsin. Five milliliters 0.5 mol sodium acetate/L
(equilibrated to 37°C) was added to each tube to form a buffer at
pH 5.2. Five glass balls were added and the tubes were capped
and shaken gently to disperse the contents and then placed in the
37°C water bath to equilibrate for a few minutes. In the shaking
water bath, the glass balls function to mechanically disrupt the
physical structure of the samples during the main incubation.
The guar gum standardizes viscosity, keeps the sample in sus-
pension, and prevents its sedimentation and excessive disruption
by the glass balls.

One sample tube was removed from the 37°C water bath and 5
mL enzyme mixture added. The tube wasimmediately capped and
the contents mixed gently by inversion before it was secured hor-
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izontally in the 37°C shaking water bath. The shaking action of the
water bath was started at this time, which was taken as time zero
for the incubation and was not interrupted until all the G,,, por-
tions were collected (see below). The enzyme mixture was added
to the rest of the sample tubes at 1-min intervals, to aid timing of
incubations, and they were placed into the shaking water bath.
Each tube was removed from the bath exactly 20 min after the
enzyme mixture was added and 0.2 mL of the contents was added
to 4 mL absolute ethanol and vortex mixed to stop the hydrolysis;
this was the G,, portion. The tube was returned to the shaking
water bath immediately after the sample was taken. After another
100 min (a 120-min incubation), another 0.2 mL was added to 4
mL absolute ethanol and vortex mixed; this was the G,,, portion.

When all the G,,, portions had been collected, the tube con-
tents were vigorously vortex mixed to break up any large parti-
cles and the tubes were placed together into a boiling water bath
and left for 30 min. The tube contents were vortex mixed again
and the tubes cooled in ice water for 15 min.

Potassium hydroxide (10 mL of 7 mol/L) was added, the tubes
capped, and the contents mixed by inversion. The tubes were
secured horizontally in a shaking water bath containing ice water
and shaken for 30 min. Tubes were removed singly from the ice
water and 0.2 mL of the contents was added to 1 mL of 1 mol
acetic acid/L. Amyloglucosidase solution (40 L amyloglucosi-
dase diluted 1:7 with water) was added to these tubes, the con-
tents mixed, and the tubes placed into a 70°C water bath for 30
min followed by 10 min in a boiling water bath. The tubes were
cooled to room temperature before the addition of 12 mL
absol ute ethanol; this was the total glucose portion.

Potato starch and white wheat flour were included as refer-
ence materials (Table 2) in each batch of samples analyzed and
2 reagent blanks, one containing 4 mL stock sugar mixture, were
included to correct for the sugar content of the enzyme prepara-
tions. The hydrolysis conditions were calibrated with potato
starch, white wheat flour, and corn flakes reference materials
(Table 2). (Reference materials and enzymes are available from
Englyst Carbohydrate Services Ltd, United Kingdom). Potato
starch (air-dried, from Kartoffelmel Centralen, Herning, Den-
mark) has a high resistant starch content and was used to estab-
lish the optimum speed of the shaking water bath. If the G,,,
value for the potato starch was too high (Table 2), the stroke-
speed was decreased and vice versa.

HPL C measurement of sugars

Two sugar standards were used for calibration. Standard 1 was
1 mL and standard 2 was 10 mL of the stock sugar mixture, each
made to 20 mL with water, to which 5 mL of the internal standard
solution was added and mixed well; 0.2 mL of this mixture was
then removed and added to tubes containing 4 mL absolute
ethanol.

Before HPLC analysis, all the ethanolic fractions were cen-
trifuged for 5 min at 1500 X g at room temperature. The amount
taken for analysis varied according to sugar content: 70 pL for
the sugar standards and the G,, and G, ,, portions, 200 pL for the
total glucose portions, and 70-120 pL for the FSG portions,
depending on the expected free glucose content of the sample.
The samples were placed into HPLC vials, 1 mL deionized water
was added, and they were vortex mixed.

An autoinjector (model AS3500; Dionex) was used to inject
20 pL of the diluted ethanolic fractions. Sugar separation was
achieved with an anion-exchange analytic column (Carbopac

TABLE 2
Target values for the 3 reference samplest
Gy Gy Total glucose
% by wt
Potato starch 4 27 89
Whesat flour 35 70 72
Corn flakes 77 80 81

! Gy ang G120, 9lucose measured after 20 and 120 min incubation with
enzymes, respectively.

PA100; Dionex) and guard column (Carbopac PA10; Dionex)
by using a gradient pump (model GP40; Dionex). Column
switching and an anion-exchange guard column (Aminotrap;
Dionex) were used to prevent amino acids and peptides from
reaching the analytic column. The eluents, high-purity water
and 200 mol NaOH/L (16 mL 50% NaOH solution/L high-
purity degassed water), were degassed. The flow rate was 0.8
mL/min and the elution conditions are shown in Table 3.
Monosaccharide detection was achieved with an electrochemi-
cal detector (model ED40; Dionex) with the following pulse
potentials (E) and durations (t): E;, 0.05V; t;, 400 ms; E,, 0.75
V; t,, 200 ms; E;, 0.15V; and t5, 400 ms. The response time was
1 s, and the output on the detector was set at 300 nA. A data-
handling system (DX-500; Dionex) was used to integrate and
plot the results.

Values for RAG, SAG, RDS, SDS, resistant starch, and total
starch were calculated from the measured FSG, G,, G,,, and
total glucose values (see Calculations and statistics). Values for
the starch fractions were expressed as polysaccharides by using
a conversion factor of 0.9.

Study design

Eight healthy, nonobese volunteers (3 men aged 24-57 y, 5
women aged 23-56 y) were recruited for the study. Ethical per-
mission for the study was obtained from the Dunn Ethical Com-
mittee. On test days, after an overnight fast following a day on
which the subjects were required to abstain from alcohol and
excessive exercise, each subject arrived at the Dunn Clinical
Nutrition Centre at 0800 without undue physical exertion.

Fasting blood glucose was determined as the average from a
finger-prick sample taken at 0815 and another taken at 0830,
immediately before the test meal was eaten. Subjects ate the test
meals in different orders; they were required to consume the test
meal within 10 min and to avoid undue physical exertion for the
2 h of the test. Additional finger-prick blood samples were taken
at 15, 30, 45, 60, 90, and 120 min after the start of the test meal.

TABLE 3

Sequence of elution conditions for the HPLC measurement of sugars

Switch

position® NaOH Time
mmol/L min

A 10 0-35

B 70 3.6-140

B 200 14.1-15.0

B 10 15.1-20.0

1 In switch position A, the flow is from Aminotrap (Dionex UK Ltd,
Camberley, United Kingdom) to guard column to separation column. In
switch position B, the flow is from guard column to separation column to
Aminotrap. Sample injection is at time 0.1 min.
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Whole-blood glucose was measured by a hexokinase method.

Test foods and meals

The 4 test foods were 1) corn flakes, 2) white bread, 3)
cooked white spaghetti, and 4) cooked pearled barley. These
foods contain various proportions of RAG and SAG, and the
carbohydrate content is almost exclusively starch. The details of
the carbohydrate components of each cooked food are shown in
Table 4.

There is evidence to suggest that the glycemic response is
likely to be dose dependent for amounts <50 g RAG (16, 17) and
the test meals were designed to lie within this range. Each of the
test meals was calculated to provide 25 g (small portion) or 50 g
(large portion) glucose available for absorption in the small intes-
tine (G,,0). The RAG content of the test meals ranged from 11 g
(small portion of pearled barley) to 49 g (large portion of white
bread).

The small portion weights were 117 g pearled barley, 85 g
spaghetti, 31.5 g corn flakes, and 59 g white bread. The large
portions were double these weights. Water was provided such
that the total weight of each meal was 500 g.

Calculations and statistics

RAG, SAG, and the various starch fractions were calculated
as follows:

RAG =G, (1)
SAG = Gy~ Gy @)
RDS = (G,, — FSG) X 0.9 (3)
SDS = (Gyp— Gy) X 0.9 4
Total starch = (total glucose — FSG) X 0.9 (5)
Resistant starch = (total glucose — G,,,) X 0.9 (6)

The glycemic response was calculated as the incremental area
under the curve above the fasting glucose concentration, ignor-
ing any area below the fasting value, according to the equation
given by Wolever et a (18). Regression analysis of the observed
glycemic response data was performed for individual subjects
and for the mean of all subjects.

To further investigate the relation between RAG intake and
glycemic response, we fitted the data to a model. The starting
point for the analysis was that for each subject, glycemic
response was assumed to be proportional to RAG intake. This
can be written as follows:

Glycemic response = KRAG @

where K is the constant of proportion. K may be different for
each subject, and this is taken into account in the following for-

TABLE 4
Sugar and starch composition of the test foods!

Fru FSG TG RAG SAG RS TS

% by wt of cooked food
Corn flakes 30 33 83 77 37 26 711
White bread 0.1 01 445 418 07 1.8 400
Spaghetti 0.0 01 308 175 120 12 276
Pearled barley 00 00 261 94 120 42 235

! Fru, fructose; FSG, free sugar glucose; TG, total glucose; RAG,
rapidly available glucose; SAG, slowly available glucose; RS, resistant
starch; TS, total starch. For calculations, see the text.

mula:
Glycemic response = KSRAG (8

where K isan overall constant and § is a constant for the ith sub-
ject (i takes values between 1 and 8). To avoid ambiguity, K is
the constant for the first subject and S is scaled appropriately, so
KS§ is the constant for the ith subject (i = 2...8) and S, = 1.

The RAG content of each food differs and can be represented
inthe formulaby F;, wherej = 1...4. Asfor the subjects, the first
food level, F, isset to 1. In addition, each food is provided at 2
doses, and the assumption is that this increases the response by
a constant factor. The 2 dose effects are represented as D,, and
again, the first is fixed at 1. The complete formulais then

Glycemic response = KSF;,Dy 9

where K is the response for subject 1 eating food 1 at dose level
1. The predicted response for other combinations of subject,
food, and dose is obtained by multiplying it by the appropriate
constants. For example, the fifth subject eating the third food at
the high dose has a response predicted by

Glycemic response = KS;F;D, (10)

The statistical problem is how to estimate the values of K, §,
F;, and D,. The coefficients are simple to estimate by using
analysis of variance or regression analysis if the effects are
added rather than multiplied together, and thisis achieved with a
logarithmic transformation. If the natural logarithm of each term
is taken, the formula becomes the following:

In(Glycemic response) = InK + In§ + InF; +InD,  (11)

The logarithmic transformation assumes that the random error is
proportional to the mean. This compensates for the heteroskedas-
ticity seen in the original data, where the variability is greater for
foods with alarger mean response. The random error is additive on
the logarithmic scale and multiplicative on the original scale.

The formula represents the 8 meals in terms of 2 doses (2 por-
tion sizes) of each of 4 foods. Assuming a proportional relation
between RAG and glycemic response, the food and dose terms
can be replaced in the formula by the measured RAG content of
the meals. This leads to the following simplified formula:

In(Glycemic response) = InK + InS + CINRAG (12)

where C is the regression coefficient of In(glycemic response)
on INRAG. The value of C ought to be close to 1 because this
corresponds to the formula glycemic response = KSRAG on the
untransformed scale.

To test the validity of the assumptions on which the formula
is based, the simpler and the extended versions of the formula
can be compared in terms of their fit to the data. The simpler
formula estimates 1 coefficient (C) instead of 7 (3 F;, 1 D,, and
3 for their interaction), but, inevitably, it fits less well. If the
loss of fit is matched by the saving of 6 degrees of freedom, so
that the residual variation is not significantly greater, this is
evidence that the glycemic response-RAG relation is propor-
tional, as assumed. Other tests of the model are that 1) the
interactions between subject, meal, and dose are not signifi-
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cant; 2) the effect of the high-dose InD, is not significantly dif-
ferent from In2 = 0.69, being a doubling of the low dose; and
3) the coefficient (C) for INRAG is not significantly different
from 1.

RESULTS

The mean change in blood glucose concentration for all sub-
jects in response to consumption of the 8 test meals, namely, the
2 portion sizes of each of the 2 high-RAG foods (white bread and
corn flakes) and the 2 low-RAG foods (pearled barley and
spaghetti), is shown in Figure 1. Linear regression analysis was
performed for the observed glycemic response values for indi-
vidual subjects and the RAG content of the test meals. For 7 of
the 8 subjects, the correlation coefficient was significant (for
each subject, n = 8; P < 0.05) and the regression coefficient was
extremely variable between subjects, ranging from 1.83 to 5.27.
The highly significant correlation (r = 0.981, P < 0.0001)
between the mean glycemic response values for all the subjects
and the RAG content of the test meals is shown in Figure 2.

Two extreme outliers (glycemic response ~ 0) were excluded
from the analysis of variance, which had the effect of reducing
the residual variation and making the model more severe. Fitting
the remaining 62 glycemic response values to the model shown
in equation 11 revealed that the subject, food, and dose terms
were all significant (P < 0.0001). (Fitting the data to a model, not
shown, that included subject, food, and dose interaction terms
showed that none was significant, and these interaction terms
were excluded from all further models.) Linear regression of
In(glycemic response) on InD yielded a coefficient of 0.78 (SE:
0.09), which was not significantly different from 0.69, indicating
a 2-fold increase in glycemic response between the 2 doses, as
expected.

Replacing the 4 food terms with their RAG values explained
the difference in glycemic response between the foods, and
replacing both the food and dose terms with RAG as a continu-
ous variable in the simplified formula shown in eguation 12
yielded a value for C of 1.04 (SE: 0.09, P < 0.0001). This

S 4 Corn flakes

E

E 4 S -o 47.6 g RAG

2 RN —o— 238 g RAG

E 2 ’ \}

£ ’ ‘\

E / |

=9, N LT

‘2 /1 ~
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g ~——rt
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Time (min)
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E
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2, :

B ,5~

'E I' \\

I s ..

= ~

P | F L poood

o ~p--"

E 0 T 3
30 60 90 120

Time (min)

regression coefficient is not significantly different from 1, indi-
cating that under the conditions of this study, a given percentage
change in RAG is associated with the same percentage change
in glycemic response. After subject variation was accounted for,
RAG content per meal explained 70% of the remaining variance
(Table5).

DISCUSSION

The human diet contains many types of carbohydrates, each of
which contributes to different physiologic responses (1). Starch
is considered by many to be digested slowly, resulting in a mod-
est glycemic response. However, the rate and extent to which
starch is digested and absorbed, and the resulting glucose and
insulin responses, vary considerably depending on the source
and degree of food processing (9-11, 19-22).

Present knowledge of the variation in glycemic response to
carbohydrate-containing foods comes largely from measure-
ments of glycemic index (Gl). In principle, the Gl is calculated
as the measured glycemic response to a portion of test food that
contains 50 g “available” carbohydrate (which includes fructose)
expressed as a percentage of the glycemic response to the same
amount of “available” carbohydrate from a standard food eaten
by the same subject (16, 18). Gl values have been published for
awide range of foods (23) and have been used in several studies
to design low-glycemic-load diets for diabetic subjects (5-8).
However, no simplein vitro term is available that defines the car-
bohydrate in afood in such away as to characterize its digestion
in the gut.

The in vitro technique described here determines RAG, SAG,
and starch fractions by measuring the amount of glucose
released from atest food during timed incubation with digestive
enzymes under standardized conditions. Gl is a direct measure of
the glycemic response to a food, and thus reflects all the mecha-
nisms that can influence the glycemic response. For most carbo-
hydrate foods, however, the RAG content is almost certainly a
major determinant of the magnitude of the GI, and we have
shown a strong correlation between published Gl values and

5 4 White bread
3
£, -o 492 gRAG
2 —o— 246 gRAG
3
?=D 24 é. - _L .
] . I'~~g
3 /L S
= 1 4 Seo
= S
E 1 See i
5] e
5 30 60 ) 120
Time (min)
4 Pearled barley
34 -o 22.0gRAG

—o— 11.0 gRAG

Increase in blood glucose (mmol/L)
)

Time (min)

FIGURE 1. Glycemic response (X + SEM increase in blood glucose over fasting concentrations) to 8 test meals containing different amounts of
rapidly available glucose (RAG). Low-RAG foods spaghetti and pearled barley and high-RAG foods corn flakes and white bread were each fed in por-

tions containing 25 g (—) and 50 g (----) available glucose.
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TABLE 5
ANOVA results for the final model for the association between rapidly
available glucose (RAG) and the glycemic response

Sum of Mean

Source df sguares  square F ratio P
Subject (9 7 11.31 1.62 12.95  <0.0001
RAG 1 15.37 15.37 123.2  <0.0001
Error 53 6.61 0.12

Total 61 33.28

RAG values for a wide range of starchy foods (24).

This study presents measurements of glycemic response to
test foods for which RAG and SAG have been measured. The
demonstration that a given percentage change in RAG (achieved
by altering the type of food or the amount of food consumed) is
associated with the same percentage change in glycemic
response supports the hypothesis that RAG intake is a major
determinant of the magnitude of the glycemic response, under
the conditions of this study. Once between-subject variation is
accounted for, 70% of the remaining variance in glycemic response
is explained by differences in the RAG content of the test meals.

Both Gl and RAG measurements show how food type and
food processing can influence the physiologic properties of
dietary carbohydrate. White bread, corn flakes, and spaghetti are
all examples of highly processed foods. The starch in bread and
in corn flakes is fully gelatinized and thus likely to be rapidly
digested and absorbed (Figure 1) and these foods have high RAG
values. Spaghetti, however, has alow RAG value (Figure 1), due
to a dense food matrix, which hinders enzymatic hydrolysis of
the starch. In many plant foods, such as legumes and minimally
processed cereal grains (eg, pearled barley), nutrients are encap-
sulated within cell walls (dietary fiber), which retard the release
and hence digestion and absorption of starch and sugars, and
these foods have low RAG values.

National dietary guidelines for the general public advocate a
decreased intake of fat and an increased intake of carbohydrate,
with the recommendation that both can be achieved by increased
consumption of fruit, vegetables, legume seeds, and minimally

175+ 7
8
150
g [=]
2 1254
£ 100 @ 8 |
[=]
% 35
: 754 ; 1
§ 50 12 |
g i
] T
25 1 1
0 T T T T 1
0 10 20 30 40 50
RAG intake (g)

FIGURE 2. Correlation of rapidly available glucose (RAG) content
and glycemic response to 8 test meals by least-squares analysis of the
incremental area under the glucose response curve (IAUC £ SEM). The
numerals indicate small and large portions, respectively, of the test
meals: 1 and 3, pearled barley; 2 and 6, spaghetti; 4 and 7, corn flakes;
5 and 8, white bread.

processed cereal foods. In this type of naturally high-fiber, low-
fat diet, which is associated with a wide range of health benefits,
the encapsulation of starch and sugars within plant cell walls
(dietary fiber) slows their release; hence, much of the available
carbohydrate in these foods is likely to be SAG.

Potentially detrimental effects have been associated with diets
containing large amounts of fructose (25), suggesting that fruc-
tose intakes should be assessed separately. A value for fructose,
including that from sucrose, is obtained by the HPLC technique
described here.

The results of this study show the usefulness of the in vitro
measurement of RAG and SAG for characterizing the test foods
with respect to glycemic response. To determine the relation
between dietary carbohydrate intake and health, the proposed
classification scheme (Table 1) and associated measurements are
being applied in ongoing epidemiologic studies.
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