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ABSTRACT
Background: The circumstances under which the glycemic index
(GI) and glycemic load (GL) are derived do not reflect real-world
eating behavior. Thus, the ecologic validity of these constructs is
incompletely known.
Objective: This study examined the relation of dietary intake
to glycemic response when foods are consumed under free-living
conditions.
Design: Participants were 26 overweight or obese adults with type 2
diabetes who participated in a randomized trial of lifestyle modifi-
cation. The current study includes baseline data, before initiation of
the intervention. Participants wore a continuous glucose monitor
and simultaneously kept a food diary for 3 d. The dietary variables
included GI, GL, and intakes of energy, fat, protein, carbohydrate,
sugars, and fiber. The glycemic response variables included AUC,
mean and SD of continuous glucose monitoring (CGM) values,
percentage of CGM values in euglycemic and hyperglycemic
ranges, and mean amplitude of glycemic excursions. Relations be-
tween daily dietary intake and glycemic outcomes were examined.
Results: Data were available from 41 d of monitoring. Partial cor-
relations, controlled for energy intake, indicated that GI or GL was
significantly associated with each glycemic response outcome. In
multivariate analyses, dietary GI accounted for 10% to 18% of the
variance in each glycemic variable, independent of energy and car-
bohydrate intakes (P , 0.01).
Conclusions: The data support the ecologic validity of the GI and
GL constructs in free-living obese adults with type 2 diabetes. GI was
the strongest and most consistent independent predictor of glycemic
stability and variability. Am J Clin Nutr 2011;94:1519–24.

INTRODUCTION

Dietary GI4 and GL are related constructs that refer to the rate
at which available carbohydrate raises blood glucose during the
postprandial period. GI is a food-classification system based on
the rise in blood glucose after consumption of a test food, rel-
ative to a standard (eg, glucose or white bread) containing the
same amount of carbohydrate (1). GL is calculated as the
multiplicative product of GI and the amount of carbohydrate and
thus is influenced by carbohydrate source and quantity (2). The
postprandial AUC for glucose increases in a dose-response
fashion with increasing carbohydrate portions of a food and
varies by GI when carbohydrate load is held constant (3, 4).

The clinical utility of GI and GL has been the subject of
considerable debate. Some researchers question evidence re-

garding the relevance of dietary GI and GL to health and raise
several concerns about the methods used to determine GI (5, 6).
Of particular relevance to the current study, the experimental
constraints under which GI values are derived may not reflect
real-life conditions. The test setting requires the subject to
consume a specified portion (ie, containing 50 g available car-
bohydrate) of a single item, to be in a fasting state, and to
consume the test food within a specified period of time. In ad-
dition, the optimal measure for assessing clinical significance (eg,
incremental AUC above fasting, glycemic excursions) remains
a topic of debate (5, 6). In the context of that debate, the current
study was undertaken to examine the relations of dietary GI and
GL (and other dietary variables) to glycemic response (as
assessed with a CGM) when foods are consumed in self-selected
amounts, at self-selected times, and in self-selected combinations
by free-living overweight and obese individuals with type 2
diabetes.

SUBJECTS AND METHODS

Subjects

Participants were a subset of those who enrolled in a larger
weight-loss trial (7) and were recruited between September
2006 and November 2007. Inclusion criteria for the parent study
were a diagnosis of type 2 diabetes, an age of 18–65 y, and
a BMI (kg/m2) of 27 to 45. Exclusion criteria were type 1
diabetes, uncontrolled hypertension or thyroid disease, un-
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stable angina, malignant arrhythmias, myocardial infarction in
the past year, cancer (active or in remission ,5 y), clinically
significant psychosocial impairment, pregnancy or lactation, or
a history of cerebrovascular, renal, hepatic, or protein-wasting
disease. Treatment with insulin, although not an exclusion
criterion for the parent trial, was exclusionary in the ancillary
study reported here.

Qualifying individuals were consecutively recruited from the
parent trial. A total of 26 individuals (21 women, 5 men) vol-
unteered to participate in the current study. Participants had
a mean (6SD) age of 50.4 6 9.3 y and BMI of 36.1 6 5.3 and
a glycated hemoglobin value of 6.7 6 1.2%.

Procedures

Participants completed a 3-d period of CGM before the parent
study intervention. At the start of each monitoring period,
a registered nurse (who is also a Certified Diabetes Educator)
inserted a sensor subcutaneously in the participant’s abdomen
and instructed the participant in the use of the CGM device
(CGMS Gold; Medtronic). Participants were provided with
a traditional glucometer (OneTouch Ultra; LifeScan) and com-
patible lancets and test strips for calibrating the CGM device at
12-h intervals. The device measures interstitial glucose (from
which blood glucose is estimated) every 10 s and records the mean
blood glucose value every 5 min. At the end of the 3-d monitoring
period, participants returned to have the sensor withdrawn, and
data were uploaded from the device to a computer for calculating
variables by using software packaged with the CGM device. The
reliability data for CGM in general and of the CGMSGold system
in particular are good (8–11).

During the CGM assessment period, participants also moni-
tored their food and beverage intake. They were instructed to use
food scales and dry and wet food measurement tools to assess
portions and were told to record the amounts of all items con-
sumed, along with a detailed description of each item, imme-
diately after consumption. However, no specific nutrient targets
or additional dietary instructions were given. At the end of each
participant’s assessment period, a research dietitian reviewed the
intake records and queried the participants for additional data
when records appeared incomplete or implausible.

Outcome measures

Glycemic response variables

We calculated glycemic response variables for each full 24-h
period (midnight to midnight) for which complete glucose data
were available. Glucose AUCs and glucose concentrations
.0 mg/dL were calculated by using the trapezoidal method
(12). Additional glycemic response variables included the SD of
glucose values and the percentage of time spent in the eugly-
cemic (71–180 mg/dL) and hyperglycemic (.180 mg/dL)
ranges. The mean amplitude of glycemic excursions was cal-
culated according to the methods described by Service et al (13).

Dietary variables

Dietary intake data were collected and analyzed by using
Nutrition Data System for Research software version 2006,
developed by the Nutrition Coordinating Center, University of
Minnesota, Minneapolis, MN (14). Dietary intake variables of

interest included the following: total energy (kcal), GI (based on
glucose as the reference food), GL, and intakes (g) of fat, protein,
carbohydrate, sugar (total and added), and fiber (total, soluble,
and insoluble). The reader is referred to page A11.12 of the
Nutrition Data System for Research user manual (http://www.
ncc.umn.edu/ndsrsupport/ndsrmanual2006.pdf) for a description
of the methods used to calculate GI. Daily totals were calculated,
corresponding to each complete 24-h (midnight to midnight)
CGM period.

Statistical analysis

Bivariate Pearson’s correlations were calculated to examine
the relations between dietary intake and glycemic response
variables observed in each 24-h period. These associations be-
tween dietary intake and glycemic response variables were ex-
amined in partial correlation analyses, with adjustment for total
energy intake, to minimize confounding by differences in dietary
intake related to body size. Dietary variables that were found to
relate significantly to glycemic response variables in partial
correlations were entered into multiple regression analyses, in
a stepwise fashion, after forced entry of total energy intake. Data
were analyzed by using SPSS version 16.0 (15); the a level was
set at 0.05 for each test.

RESULTS

The 3-d assessment period yielded 50 full 24-h (midnight to
midnight) glucose monitoring days. The AUC could not be
computed for one of those days because of periodic malfunction
of the sensor, which resulted in discontinuous data collection. On
that day, however, other glycemic response indicators (eg, SD and
MAGE) were computed. Full 24-h food records were unavailable
for 9 d. Thus, complete glucose monitoring and dietary data were
available for 41 d, with each participant contributing 1 or 2 d
(mean = 1.6; SD = 0.5). Means and SDs for each day’s dietary and
glycemic response variables are shown in Table 1.

Dietary GI and glycemic response

As shown in Table 2, bivariate correlation analyses showed
that dietary GI was positively related to AUC (P = 0.01), mean
glucose (P = 0.01), and the percentage of values in the hyper-
glycemic range (P = 0.02). GI was also negatively related to the
percentage of values in the euglycemic range (P = 0.02). Control
for energy intake in the partial correlations (Table 3) did not
materially alter these relations. Scatter plots depicting the bi-
variate relations of GI to glycemic response outcomes are shown
in Figure 1.

Dietary GL and glycemic response

No significant relations between GL and glycemic outcomes
were found in the uncontrolled bivariate correlations (Table 2).
However, partial correlation analyses controlled for energy
intake (Table 3) showed that GL was positively related to the SD
of glucose values (P = 0.01) and MAGE (P = 0.02). The re-
lations of GL to AUC and mean glucose were nearly significant
(P = 0.10).
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Other dietary variables and glycemic response

In the bivariate analysis (Table 2), protein intake was sig-
nificantly and negatively related to MAGE (P = 0.02). This re-
lation remained significant (P = 0.03) in the partial correlation
analyses that controlled for energy intake (Table 3). Partial
correlation analyses also found a significant positive relation
between protein intake and percentage of CGM values in the
euglycemic range (P = 0.05). Negative associations between
protein intake and the SD of glucose values (P = 0.09) and the
percentage of CGM values in the hyperglycemic range (P =
0.06) was nearly significant in partial correlation analyses.

Carbohydrate intake was unrelated to any glycemic response
variable in bivariate correlations (Table 2), but was positively
associated with the SD of glucose values (P = 0.05) and MAGE
(P = 0.05) in the partial correlation analyses that controlled for
energy intake (Table 3). None of the remaining dietary variables
(intakes of fat, total sugar, added sugar, total fiber, soluble fiber,
or insoluble fiber) were significantly correlated with any gly-
cemic response outcome in bivariate or partial correlation
analyses.

Multivariate analyses

Because carbohydrate intake, protein intake, and dietary GI
were each related to more than one glycemic response variable,
they were included in multivariate analyses. (GL was not in-
cluded because of its high correlation with carbohydrate intake.)
In each analysis, total energy intake was entered in the first step
and carbohydrate, protein, and GI were entered in a stepwise
fashion in the subsequent steps.

As shown in Table 4, only GI added significantly to the
prediction of AUC (P, 0.01), mean glucose (P, 0.01), the SD
of glucose values (P = 0.01), and the percentage of values in the
hyperglycemic (P , 0.001) and euglycemic (P , 0.001) ranges.
In contrast, both GI (P , 0.01) and carbohydrate intake (P =
0.04) were significant independent predictors of MAGE.

DISCUSSION

The purpose of this study was to examine the relations of
dietary variables—particularly GI and GL—to glycemic out-
comes in a real-world setting. Participants in this study were
obese individuals with type 2 diabetes who consumed their food
and beverages without the restrictions imposed in laboratory
tests of GI (ie, single items consumed in defined portions at
a specified pace after a prolonged fast). In addition, the unit of
analysis was a full day (rather than the usual 2- to 3-h post-
prandial period). Under these free-living conditions, dietary GI
was significantly related to the AUC for glucose. This finding is

TABLE 1

Daily dietary intake and glycemic response variables1

Value

Dietary intake (n = 41)

Total energy (kcal) 1912.0 6 482.9

Fat (g) 75.0 6 33.5

Protein (g) 83.3 6 29.9

Carbohydrate (g) 231.9 6 76.9

Total sugar (g) 83.8 6 46.9

Added sugar (g) 52.3 6 39.8

Total fiber (g) 18.2 6 6.8

Soluble fiber (g) 4.7 6 1.3

Insoluble fiber (g) 13.1 6 5.4

GI 63.5 6 6.1

GL (g) 134.4 6 50.4

Glycemic response variables (n = 50)

AUC (mg � dL21 � min21)2 138.7 6 41.4

Mean (mg/dL) 139.3 6 41.43

SD (mg/dL) 27.3 6 14.83

Hyperglycemic values (%) 30.1 6 32.2

Euglycemic values (%) 68.7 6 32.2

MAGE (mg/dL) 65.6 6 34.9

1 All values are means 6 SDs; n = 49. GI, glycemic index; GL, gly-

cemic load; MAGE, mean amplitude of glycemic excursions.
2 Data not available on 1 d for one participant.
3 Values represent the sample mean 6 SD for the 24-h glycemic re-

sponse variables.

TABLE 2

Bivariate correlations between dietary and glycemic response variables (n = 41)1

Glycemic response variables

Dietary variables AUC Mean SD Hyperglycemic values Euglycemic values MAGE

mg � dL21 � min21 mg/dL mg/dL % % mg/dL

Total energy (kcal) 0.16 0.16 0.02 0.17 20.16 20.17

Fat (g) 0.11 0.11 20.10 0.15 20.13 20.23

Protein (g) 20.08 20.08 20.21 20.14 0.16 20.372

Carbohydrate (g) 0.20 0.21 0.22 0.22 20.23 0.09

Total sugar (g) 20.00 20.00 0.22 0.11 20.13 0.14

Added sugar (g) 0.09 0.09 0.22 0.17 20.17 0.14

Total fiber (g) 0.08 0.08 0.15 0.14 20.14 0.15

Soluble fiber (g) 0.16 0.16 0.03 0.18 20.17 20.05

Insoluble fiber (g) 0.04 0.04 0.17 0.11 20.11 0.19

GI 0.383 0.393 0.22 0.372 20.352 0.18

GL (g) 0.294 0.294 0.284 0.274 20.284 0.12

1 Cells contain zero-order correlation coefficients from Pearson’s correlation analyses. GI, glycemic index; GL, glycemic load; MAGE, mean amplitude

of glycemic excursions.
2 P � 0.05.
3 P � 0.01.
4 P � 0.10.
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consistent with that of Brynes et al (16), who reported a sig-
nificant reduction in 24-h glucose AUC with a reduction in
dietary GI among adults with type 2 diabetes. Furthermore,
multivariate models in the current study found that dietary GI
was significantly associated with all measured glycemic re-
sponse indicators (AUC, mean and SD of glucose values,

percentage of values in the hyperglycemic and euglycemic
ranges, and MAGE) independently of energy and carbohydrate
intakes. GI accounted for 10–18% of the unique variance in each
outcome. These findings provide real-world evidence that
consumption of a low-GI diet is beneficial for controlling blood
glucose in individuals with type 2 diabetes.

TABLE 3

Partial correlations between dietary and glycemic response variables, controlled for energy intake (n = 41)1

Glycemic response variables

Dietary variables AUC Mean SD Hyperglycemic values Euglycemic values MAGE

mg � dL21 � min21 mg/dL mg/dL % % mg/dL

Fat (g) 20.04 20.04 0.22 0.02 0.01 20.17

Protein (g) 20.21 20.21 20.272 20.302 0.323 20.353

Carbohydrate (g) 0.13 0.14 0.313 0.14 20.18 0.313

Total sugar (g) 20.04 20.04 0.22 0.07 20.09 0.20

Added sugar (g) 0.05 0.05 0.21 0.13 20.14 0.19

Total fiber (g) 0.05 0.05 0.15 0.10 20.11 0.20

Soluble fiber (g) 0.10 0.10 0.03 0.11 20.11 0.03

Insoluble fiber (g) 0.02 0.02 0.17 0.09 20.09 0.22

GI 0.383 0.383 0.22 0.363 20.353 0.19

GL (g) 0.262 0.262 0.414 0.22 20.26 0.383

1 Cells contain partial correlation coefficients from Pearson’s correlation analyses. GI, glycemic index; GL, glycemic load; MAGE, mean amplitude of

glycemic excursions.
2 P � 0.10.
3 P � 0.05.
4 P � 0.01.

FIGURE 1. Scatter plots showing the relation between dietary glycemic index and glycemic response variables, including AUC (A), mean of glucose values
(B), SD of glucose values (C), percentage of values in the euglycemic range (ie, 70–180 mg/dL; D), percentage of values in the hyperglycemic range (ie,.180
mg/dL; E), and MAGE (F). Lines of best fit were derived from bivariate Pearson’s correlations. MAGE, mean amplitude of glycemic excursions.
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MAGE, the average distance between glucose peaks and
nadirs, is considered a “gold standard” measure of glycemic
variability. Because MAGE is strongly related to oxidative stress
(17), it may be an important variable in the onset and progression
of diabetes-related complications. In the current study, MAGE
was positively associated with dietary carbohydrate and GL,
inversely associated with dietary protein, and not associated with
dietary fat. After control for total energy intake in partial cor-
relations, GL accounted for 14% to 17% of the variance in these
glycemic outcomes. Co-ingestion of protein with carbohydrate
augments insulin secretion and thereby attenuates the post-
prandial glycemic response (18), which provides a plausible
explanation for the inverse association. Regarding dietary fat,
Gentilcore et al (19) found that a preload of olive oil before
a potato meal slowed gastric emptying and attenuated post-
prandial glycemia in patients with type 2 diabetes. However,
consistent with the current study, co-ingestion of the oil with the
meal had a relatively small effect on blood glucose (19).

According to the American Diabetes Association (20), mon-
itoring carbohydrate intake is a “key strategy in achieving gly-
cemic control,” and “the use of the glycemic index and glycemic
load may provide a modest additional benefit for glycemic
control over that observed when total carbohydrate is considered
alone” (emphasis added). However, multivariate analyses con-
ducted in the current study indicate that GI was a stronger in-
dependent predictor of glycemic stability and variability, as
assessed with a CGM, than of total carbohydrate intake. Simi-
larly, Bao et al (21) recently found that GI and GL were stronger
predictors of the glycemic response to single foods than was
carbohydrate content and that GL accounted for more variance
than did carbohydrate in the glycemic response to a mixed meal.

Our study had some limitations, most notably the small sample
size and the self-report nature of the dietary data. In addition, the
calculation of dietary GI did not account for food processing or
accompanying nutrients (eg, type and amount of protein and fat),
and the participants did not reliably record the time of food
intake; thus, the glycemic response could not accurately be linked
to individual intake episodes. Nonetheless, the current findings

suggest a greater role for low-GI (and, by extension, low-GL)
diets in managing type 2 diabetes than is currently acknowledged.
Standard indicators of glycemic control (eg, fasting blood glu-
cose and glycated hemoglobin), may not be sufficiently sensitive
to detect all clinically meaningful effects of a low-GI, low-GL
diet on diabetes management. Given the apparent relevance of
glycemic fluctuations to complications of diabetes, additional
study is warranted.
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