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actors Affecting Interpretation of

Postprandial Glucose and Insulin Areas

MARY C. GANNON, PhD, AND FRANK Q. NUTTALL, MD, PhD

Recently there has been an increased interest in determining the circulating glucose concentration
after the ingestion of various individual foods and mixed meals. The purpose of these determinations
is to systematically rank foods with respect to their quantitative effect on postmeal glucose concentration.
Potentially such data could be useful in designing a diet for individuals with diabetes. We believe this
concept is good. However, several factors that may affect interpretation of the data used to develop
this ranking need to be considered before the utility of this approach to dietary management can be
assessed: 1) duration of time over which the data are collected and analyzed; 2) use of absolute versus
incremental areas in the determinations; 3) inclusion or exclusion of negative areas if incremental areas
are used; 4) differences in response to a given food in males compared with females; 5) severity of
diabetes; 6) confounding effects of oral agents or insulin treatment; 7) reproducibility of data; 8)
differences in collection of blood sample; 9) food composition, processing, and preparation; 10) the
dose-response relationship to ingestion of a given carbohydrate; 11) the meal being studied, i.e., first,
second, or third meal of the day; and 12) a possible effect of the composition of the previous meal, if
the response is tested to any meal other than the first meal of the day. Diabetes Care 10:759-63, 1987

or the past several years there has been an interest

in determining the circulating glucose concentra-

tions in peripheral blood after the ingestion of

individual foods (1-5). These studies have been
conducted in normal and diabetic subjects. The data obtained
from such studies have been analyzed by quantitating the
glucose response to a known amount of carbohydrate in a
particular food. A common way of calculating this has been
to determine a glycemic index. The glycemic index has been
defined by Jenkins et al. (3) as the area under the glucose
curve after a 50-g carbohydrate test meal divided by the area
under the glucose curve after a meal consisting of a standard
reference food containing 50 g carbohydrate, multiplied by
100. Originally, blood glucose area was determined over a
2-h period, and 50 g glucose was used as the standard ref-
erence meal (3). Recently, blood glucose determinations of
diabetic subjects have been performed over a 3-h period, and
the standard reference meal has been 50 g carbohydrate in
the form of bread (6). Such data have been used to assign a
relative ordering of plasma glucose responses to various cat-
bohydrate-containing foods. The ultimate purpose of this
ordering is to assist the diabetic individual in meal planning.

Theoretically, ingestion of foods of low glycemic index could
be useful in the dietary management of diabetes.

Recently, the validity and clinical utility of this index has
been called into question. When foods of varying glycemic
index were incorporated into a mixed meal, the glycemic
index was not useful in predicting the glucose response (7—
10). However, this has not been a universal finding (11—
14). In our laboratory, we have been interested in quanti-
tating both the insulin and glucose responses to foods as
accurately as possible. During these studies, we became aware
of a potential source of error in determining the relative
glucose area (RGA) after the ingestion of various foods. This
potential source of error is the time duration over which the
plasma glucose area is determined after a meal. Subsequent
review of other studies has indicated several potentially con-
founding variables that should be considered in interpretation
of glycemic index data.

In this report, we use the term RGA instead of glycemic
index, because the time over which relative areas are deter-
mined is variable. RGA is defined as the net glucose area
after the ingestion of a test meal, divided by the net glucose
area after the ingestion of 50 g glucose, multiplied by 100.
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This may be determined at any time point after the ingestion
of a single food or a mixed meal. The fasting glucose con-
centration is used as a baseline. The glycemic index was
originally based on 2 h of data with glucose as the reference
food (3) and now is based on 2 h of data in normal subjects
or 3 h of data in diabetic subjects with bread as the reference
food (15).

When we began our studies of glucose and insulin re-
sponses to food ingestion, we determined the time required
for peripheral plasma glucose and peripheral serum insulin
concentrations to return to premeal values after the ingestion
of 50 g glucose. We observed that the time required for the
glucose concentrations to return to the fasting baseline con-
centration was ~1.5 h in normal individuals (16). Insulin
concentrations returned to baseline at ~3 h. In untreated
mildly non-insulin-dependent diabetic (NIDDM) male sub-
jects, ~4-=5 h was required for plasma glucose to return to
the fasting concentration (17,18). Insulin concentrations
were still modestly elevated 5 h after ingestion of 50 g glucose
in these subjects. However, we did not consider it practical
to continue the studies for a longer period.

Knowing that the rate of digestion and absorption of foods
may be different, it was necessary to arbitrarily choose a time

frame during which to quantitate the glucose and insulin
tesponses to various other foods. We chose to collect and
analyze data for 5 h after ingestion of the test foods in the
diabetic patients, because 5 h generally was required for the
glucose concentration to return to the fasting level after 50
g glucose, the standard reference meal in our study. Five
hours appears to be the longest period monitored in any
published study. We decided it would be useful to determine
the effect on RGA when the data were quantitated over
various periods up to 5 h.

[t was apparent that, at least for some foods, RGA was
not constant with time (Fig. 1), and the differences in RGA
often were quite large. For example, after the ingestion of
sucrose, the RGAs at 1, 3, and 5 h were 116, 67, and 44,
respectively (Fig. 1A); i.e., when the glucose area after the
ingestion of sucrose was determined at 1 h and compared
with the glucose area after the ingestion of glucose at 1 h,
the postsucrose area was 116% that of glucose. Decreases in
RGA with time also were observed after fructose and milk
ingestion (Fig. 1A), and similar results were obtained when
the data for apples, apple juice, and orange juice were ana-
lyzed (data not shown). Thus, sucrose-, fructose-, and lac-
tose-containing foods generally resulted in a decrease in RGA

0 Lentils
-o~ Kidney Beans

T T 1

3 4 5
FIG. 1. Relative glucose area (RGA) after
ingestion of various foods. A: decreasing
RGA with time after ingestion of 50 g CHO
D in form of sucrose, fructose, or milk in
untreated non-insulin-dependent diabetic
(NIDDM) male subjects (n = 7) (17). B:
increasing RGA with time after ingestion of
50 g CHO in form of lentils or kidney beans
in untreated NIDDM male subjects (n = 7)
(18). C: little change in RGA with time after
ingestion of 50 g CHO in form of potatoes,
bread, oatmeal, or rice in untreated NIDDM
male subjects (n = 7) (18). D: decreasing
RGA with time after ingestion of glucose plus
protein meal. Normal subjects (n = 8) in-
gested 50 g glucose plus 50 g protein (lean
beef ) (16); diabetic subjects (n = 6) ingested
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50 g glucose plus 25 g protein (cottage
cheese) (35).
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with time. On the other hand, with slowly digested foods
such as legumes and kidney beans, RGA increased with time
(Fig. 1B; 18).

Ingestion of some foods resulted in little change in the
RGA with time, because the peak response and time required
for plasma glucose to return to the fasting concentration was
similar to that after ingestion of pure glucose (Fig. 1C; 18).
Protein ingestion does not increase plasma glucose concen-
tration but stimulates insulin secretion (19,20). Thus, the
additional insulin secreted in response to protein when given
with glucose could influence RGA. Indeed, this was the case.
In both normal and NIDDM individuals, RGA after inges-
tion of glucose and protein decreased with time (Fig. 1D).
This primarily was due to a more rapid return of the glucose
concentration to baseline when 50 g protein in the form of
lean beef was ingested with 50 g glucose (16). Thus, the
protein in a mixed meal is likely to influence RGA, and the
effect would be more prominent at later time points.

We and others have demonstrated little effect of dietary
fat on the plasma glucose response after the first meal of the
day in normal subjects (21) and insulin-dependent diabetic
patients (22). However, the 1-h postprandial glucose area
was significantly less after the ingestion of 50 g fat given with
50 g carbohydrate compared with 50 g carbohydrate alone
in normal subjects (23). In NIDDM patients, the presence
of fat in the meal modestly decreased the postprandial glucose
area as well (22). Furthermore, the presence of a large
amount of fat in the meal resulted in a delay of the glucose
peak of the second and third meals of the day (21).

Theoretically, all studies should be conducted until RGA
remains essentially unchanged with time. However, con-
ducting studies over the time necessary to achieve this may
be impractical. A compromise may be to select a time at
which the rate of change approaches a minimum. Alterna-
tively, the glucose response to various foods may be studied
with the usual duration of time between meals in that pop-
ulation. In our society, meals are generally ingested 4—6 h
apart.

Diabetes presents a particular problem because it affects
the duration of time over which the postmeal glucose con-
centration remains elevated, even though it does not sig-
nificantly influence the rate of digestion or absorption of
foods. Both the duration and magnitude of elevation may be
influenced by the severity of the insulin insufficiency. The-
oretically, the severity of diabetes also could affect the me-
tabolism of fructose and galactose. Therefore, the response
to various foods should be standardized in the study popu-
lation. In addition, it may be advisable to test the effect of
ingestion of pure monosaccharides and foods containing
those monosaccharides on the study population (17). In di-
abetic patients receiving insulin or oral hypoglycemic agents,
the effect of the medication may vary from day to day (24),
which also could complicate interpretation of the data.

Other factors should be considered in interpreting RGA
data. The area under the glucose curve has been determined
with the absolute values obtained for plasma glucose (2,25)
or by determining the incremental glucose area above the

fasting concentration (3,6,11-13,15-18). As pointed out by
Wolever and Jenkins (11), any differences between responses
to foods will appear smaller if the absolute areas are deter-
mined. In addition, differences in fasting glucose values may
strongly influence absolute areas but have little effect on
incremental area unless the glucose exceeds the renal thresh-
old for glucose excretion. An elevated glucose concentration
should stimulate more non-insulin-dependent glucose uptake
by muscle (26). Theoretically, this could affect RGA.
Whether this is quantitatively important has not been de-
termined, but it probably is not of major importance except
in poorly controlled diabetic subjects.

When incremental areas are used, inclusion or exclusion
of negative values also may have a considerable effect on
RGA of a particular food. With incremental areas, we have
observed values below baseline on several occasions, partic-
ularly after foods containing fructose or milk. Thus, the
method of analysis should be clearly stated.

When the blood glucose response is determined after the
ingestion of oral glucose loads given ~4 h apart to normal
subjects, the response to the second meal is smaller than to
the first. When glucose loads are given in succession, the
facilitated disposal of the second and subsequent glucose loads
is the so-called Staub-Traugott effect (27-29). Thus, the
time of day and the meal sequence may influence the re-
sponse. In most studies the subjects are given the test meal
for breakfast. However, in one study a mixed meal was given
for lunch, and the composition of the breakfast was not stated
(2). Amplification of a glucose second-meal effect also may
occur in normal subjects and NIDDM patients when protein
is included in the meal (30).

The glycemic index for single foods has been determined
based on an amount of food that contains a defined quantity
of carbohydrate, usually 50 g. Whether the glucose response
to ingestion of a particular food is linearly related to the
amount of food ingested (and thus the quantity of carbo-
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FIG. 2. Relative glucose area after ingestion of various amounts
of glucose in untreated non-insulin-dependent diabetic male sub-
jects (n = 7). B, 15 g glucose; ¢, 25 g glucose; |, 35 g glucose.
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hydrate) is another important consideration. This is partic-
ularly relevant when applying the glycemic index to mixed
meals in which the amount of a food ingested is less than
that used to determine the glycemic index. As indicated in
Fig. 2, RGA is not constant with time when 15, 25, and 35
g glucose were ingested by untreated NIDDM patients. In
addition, the slope of RGA with time was not constant from
one dose to another, indicating that as a greater quantity of
carbohydrate is ingested, plasma glucose concentration tends
to remain elevated longer. These confounding factors should
be considered when comparing data from various laboratories
and mixed-meal responses with those anticipated from the
glycemic index of various carbohydrate-containing foods in
the mixed meal.

The variability of an individual’s response to replicate
testing also must be considered. We have very little infor-
mation on this subject, but our available data from NIDDM
patients indicate that the standard error can be quite large.
We have no information on replicate testing of other foods.
Others reported that when five normat subjects ingested two
rice meals ~2 yr apart, glucose areas differed by 0-23% (15).

Use of capillary versus venous blood sampling also may
result in problems in comparing data. Capillary blood is used
directly for glucose determination with enzyme-impregnated
plastic strips. Venous blood is centrifuged, and the serum or
plasma is used for enzymatic glucose determination. Both
assay methods are specific for glucose, but the absolute glu-
cose concentration measured may differ. Although glucose
is freely diffusible between plasma and erythrocytes and the
glucose concentration is the same in both plasma water and
erythrocyte water, the water content of the erythrocyte is
~72%, whereas that of plasma is ~94% (31). Thus, the true
glucose concentration in whole blood is a function of the
hematocrit. For 100 mg/dl plasma glucose, whole-blood glu-
cose would be 89 mg/dl based on a hematocrit of 45; i.e.,
plasma would be higher by 11%. On the other hand, the
glucose concentration may be lower in venous blood drawn
from an antecubital vein compared with capillary blood from
a finger because of removal of glucose by skin and skeletal
muscle in the forearm.

We have determined another potential problem in inter-
preting the glucose response to foods. The glucose response
to a mixed meal was different in normal men and women
(21). In women the plasma glucose was transiently elevated
for 1 h after breakfast. Over the subsequent 3 h, glucose
concentration was below the fasting baseline. This biphasic
response was not present in normal men. Consequently, 4-h
glucose area after a mixed meal was —10 mg - h - dI™! in
women but +70 mg - h - dl™! in men. Whether this sex
difference exists in diabetic individuals has not been deter-
mined. Also, we are not aware of studies designed to deter-
mine a potential sex difference in the glucose response to
individual foods.

For starch-containing foods, food processing and prepa-
ration may affect RGA. For example, if starch is extracted
from beans, it is rapidly digested, whereas in ordinary cooked
beans, digestion is slow and incomplete (32). When 50-75

g of raw starch was administered by mouth to normal subjects,
no change in blood glucose was observed. However, when
cooked starch was administered, blood glucose clearly in-
creased (33). Starch exists in plants in the form of granules,
the structure of which is characteristic for each plant species.
Before starch can be hydrolyzed in vivo, the granule must
be disrupted. This generally is done by heating in water,
which causes the granules to swell, resulting in disruption of
the structure. However, the ease with which disruption is
accomplished varies considerably. Generally, starches with
a high amylose-to-amylopectin ratio are more rigid and re-
sistant to disruption than are starches with a low amylose-
to-amylopectin ratio. For example, ingestion of a 50-g car-
bohydrate meal of muffins made from low-amylose cornstarch
results in an increase in plasma glucose that is even greater
than with 50 g pure glucose (117%), whereas ingestion of a
50-g carbohydrate meal of muffins made from high-amylose
cornstarch was only 62% of that obtained with 50 g pure
glucose (19). The only difference in the two meals was the
type of cornstarch used to make the muffins. This clearly
demonstrates that starch structure has effects on the postmeal
plasma glucose response. In fruits such as bananas, the degree
of ripeness may be a significant factor in the response (34).

In summary, there are numerous factors that may influence
RGA and thus the interpretation of glycemic-index data.
The concept of systematically ranking foods with respect to
the quantitative effect on blood glucose is good and should
prove useful in designing a diet for diabetic individuals and
in educating patients. However, problems that may affect
interpretation of such data must be recognized. These fall
into three broad categories: the method of determining the
glucose area, the patient population and method of sample
collection, and the foods tested. From the number of factors
identified that may influence the interpretation of postpran-
dial glucose and insulin areas, additional, carefully designed
research is necessary before single-food RGA data may be
logically applied to meal planning for individuals with dia-
betes.

ACKNOWLEDGMENTS: This study was supported by a grant from
the Veterans Administration and funds from the National
Dairy Board, administered in cooperation with the National
Dairy Council.

From the Metabolic-Endocrine Section, Veterans Administra-
tion Medical Center, and the Department of Medicine, University
of Minnesota, Minneapolis, Minnesota.

Address correspondence and reprint requests to Mary C. Gan-
non, PhD, Nutritional Biochemist, Endocrine Research (111G),
V.A. Medical Center, Minneapolis, MN 55417.

REFERENCES :

1. Crapo PA, Reaven G, Olefsky J: Plasma glucose and insulin
responses to orally administered simple and complex carbo-
hydrates. Diabetes 25:741-47, 1976

2. Coulston A, Greenfield M, Kraemer F, Tobey T, Reaven G:
Effect of source of dietary carbohydrate on plasma glucose and
insulin responses to test meals in normal subjects. Am J Clin

Nutr 33:1279-82, 1980

162 DIABETES CARE, VOL. 10 NO. 6, NOVEMBER-DECEMBER 1987

$202 Iudy GZ uo 3senb Aq 4pd-65.-9-01/652915/65./9/014pd-8jonie/e180/610 S|eUINOfseIeqeIp//:dY WOl papeojumoq



INTERPRETATION OF POSTPRANDIAL GLUCOSE/M. C. GANNON AND E Q. NUTTALL

10.

1l.

12.

13.

14.

15.

16.

17.

18.

. Jenkins D]A,‘ Wolever TMS, Taylor RH, Barker H, Fielden

H, Baldwin JM, Bowling AC, Newman HC, Jenkins AL, Goff
DV: Glycemic index of foods: a physiological basis for carbo-
hydrate exchange. Am ] Clin Nutr 34:362-66, 1981

. Nuttall FQ, Mooradian AD, DeMarais R, Parker S: The gly-

cemic effect of different meals approximately isocaloric and
similar in protein, carbohydrate, and fat content as calculated
using the ADA exchange lists. Diabetes Care 6:432-35, 1983

. Bantle )P, Laine DC, Castle GW, Thomas W, Hoogwerf BJ,

Goetz FC: Postprandial glucose and insulin responses to meals
containing different carbohydrates in normal and diabetic sub-

jects. N Engl J] Med 309:7-12, 1983

. Jenkins DJA, Wolever TMS, Jenkins AL, Thorne M], Lee R,

Kalmusky J, Reichert R, Wong GS: The glycaemic index of
foods tested in diabetic patients: a new basis for carbohydrate
exchange favoring the use of legumes. Diabetologia 24:257—-64,
1983

. Coulston AM, Hollenbeck CB, Reaven M: Utility of studies

measuring glucose and insulin responses to various carbohy-
drate-containing foods. Am J Clin Nutr 39:163-65, 1984

. Coulston AM, Hollenbeck CB, Liu GC, Williams RA, Starich

GH, Mazzaferi EL, Reaven GM: Effect of source of dietary
carbohydrate on plasma glucose, insulin, and gastric inhibi-
tory polypeptide responses to test meals in subjects with non-
insulin-dependent diabetes mellitus. Am J Clin Nutr 40:965—
70, 1984

. Coulston A, Hollenbeck C: Comparison of plasma glucose and

insulin responses to mixed meals of predicted high, medium,
and low glycemic response (Abstract). Diabetes 35 (Suppl.
1):43A, 1986

Laine DC, Thomas JW, Bantle JP: Comparison of the predictive
capabilities of the diabetic exchange lists and the glycemic
indices of foods (Abstract). Diabetes 35 (Suppl. 1):43A, 1986
Wolever TMS, Jenkins DJA: The use of the glycemic index in
predicting the blood glucose response to mixed meals. Am ]
Clin Nutr 43:167-72, 1986

Wolever TMS, Collier GR, Wong GS, Josse RG: Prediction
of glycemic response to mixed meals in NIDDM (Abstract).
Diabetes 35 (Suppl. 1):43A, 1986

Collier GR, Wolever TMS, Wong GS, Josse RG: Prediction
of glycemic response to mixed meals in non-insulin-dependent
diabetic subjects. Am J Clin Nutr 44:349-52, 1986

Slama G, Bornet F, Blayo A, Costagliola D, Haardt M], Tcho-
broutsky G: Insulinogenic and glycaemic indexes of various
starch-rich foods taken in a mixed meal or alone in type 2
diabetics (Abstract). Diabetes 34 (Suppl. 1):48A, 1985
Wolever TMS, Nuteall FQ, Lee R, Wong GS, Josse RG, Csima
A, Jenkins DJA: Prediction of the relative blood glucose re-
sponse to mixed meals using the white bread glycemic index.
Diabetes Care 8:418-28, 1985

Krezowski PA, Nuttall FQ, Gannon MC, Bartosh NH: The
effect of protein ingestion on the metabolic response to oral
glucose in normal individuals. Am J Clin Nutr 44:847-56, 1986
Gannon MC, Nuttall FQ, Krezowski PA, Billington CJ, Parker
S: The serum insulin and plasma glucose responses to milk and
fruit products in type 2 diabetic patients. Diabetologia 29:784—
91, 1986

Krezowski PA, Nuttall FQ, Gannon MC, Billington CJ,

19.
20.

21.

22.

23.
24.
25.
26.
21.

28.

29.
30.

31

32.
33.
34.

35.

Parker S: Insulin and glucose responses to various starch-con-
taining foods in type Il diabetic subjects. Diabetes Care 10:205--
12, 1987

Floyd JC Jr, Fajans SS, Conn JW, Knopf RF, Rull J: Insu-
lin secretion in response to protein ingestion. J Clin Invest
45:1479-86, 1966

Fajans SS, Floyd JC Jr, Knopf RF, Conn JW: Effect of amino
acids and protein on insulin secretion in men. Recent Prog Horm
Res 23:617-20, 1967

Nuttall FQ, Gannon MC, Wald JL, Ahmed M: Plasma glucose,
and insulin profiles in normal subjects ingesting diets of varying
carbohydrate, fat, and protein content. ] Am Coll Nutr 4:437-
50, 1985

Jenkins DJA, Wolever TMS, Wong GS, Kenshole A, Josse RF,
Thompson LU, Lam KY: Glycemic responses to foods: possible
differences between insulin-dependent and noninsulin-depend-
ent diabetics. Am J Clin Nutr 40:971-81, 1984

Collier G, O'Dea K: The effect of coingestion of fat on the
glucose, insulin, and gastric inhibitory polypeptide responses
to carbohydrate and protein. Am J Clin Nutr 37:941--44, 1983
Service FJ, Molnar GD, Rosevear JW, Ackerman E, Gatewood
LC, Taylor WF: Mean amplitude of glycemic excursions, a
measure of diabetic instability. Diabetes 19:644-55, 1970
Crapo PA, Reaven G, Olefsky J: Postprandial plasma-glucose
and -insulin responses to different complex carbohydrates.
Diabetes 26:1178-83, 1977

Pacini G, Finegood DT, Bergman RN: A minimal-model-based
glucose clamp yielding insulin sensitivity independent of gly-
cemia. Diabetes 31:432—41, 1982

Staub H: Untersuchungen iiber den Zuckerstoff Wechsel des
Menschen: 1 Mitteilung. Z Klin Med 91:44-60, 1921
Traugott K: Uber das Verhalten des Blutzucker Spiegels bei
wiedersholter und verschiedener Art enteraler Zuckerzufurh
und dessen Bedeutung fur die Leberfunction. Klin Wochenschr
1:892-94, 1922

Abraira C, Lawrence AM: The Staub-Traugott phenomena.
[1I. Effects of starvation. Am J Clin Nutr 31:213-21, 1978
Nuttall FQ, Mooradian AD, Gannon MC, Billington C, Kre-
zowski P: Effect of protein ingestion on the glucose and insulin
response to a standardized oral glucose load. Diabetes Care
7:465-170, 1984

Pileggi V], Szustkiewicz CP: Carbohydrates. In Clinical Chem-
istry, Principles and Technics. 2nd ed. Henry R}, Gannon DC,
Winkelman JW, Eds. New York, Harper & Row, 1974, p.
1284-325

Wursch P, DelVedovo S, Koellreutter B: Cell structure and
starch nature as key determinants of the digestion rate of starch
in legume. Am ] Clin Nutr 43:25-29, 1986

Rosenthal SM, Ziegler EE: Effect of uncooked starches on the
blood sugar of normal and of diabetic subjects. Arch Intern Med
44:344-50, 1929

Lii C-Y, Change S-M, Young YA-L: Investigation of the phys-
ical and chemical properties of banana starches. ] Food Sci
47:1493-97, 1982

Gannon MC, Neil B], Westphal SA, Nuttall FQ: The insulin
and glucose responses to meals of glucose + various proteins
in type II diabetic subjects (Abstract). Diabetes 36 (Suppl.
1):12A, 1987

DIABETES CARE, VOL. 10 NO

. 6, NOVEMBER-DECEMBER 1987 763

$202 Iudy GZ uo 3senb Aq 4pd-65.-9-01/652915/65./9/014pd-8jonie/e180/610 S|eUINOfseIeqeIp//:dY WOl papeojumoq





