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The role of dietary glycaemic index (GI) and glycaemic load (GL) in disease aetiology is of increasing interest. However, nutritional factors related to diet-
ary GI and GL are not well understood from a population perspective. We aimed to investigate the relation ship between GI and GL and dietary intake at the
food and nutrient level. Study subjects were 1071 non-diabetic adults from the Insulin Resistance Atherosclerosis Study, Exam I, 1992—4. Usual dietary
intake was assessed with a 114-item modified Block food frequency questionnaire. Published GI values were assigned to food line items. Correlation
and regression analyses were conducted. Intake of white bread, beer, meats and fries/fried potatoes was positively associated with average GI, as was
fat, starch and alcohol intake (before and after energy adjustment). Intake of fruits and low-fat milk was inversely associated with GI, as were intakes
of mono- and disaccharides, and fibre. GL was positively correlated with carbohydrate foods and inversely with non-carbohydrate foods. Gender-specific
regression models identified eight food groups explaining 63 % (men) and 55 % (women) total GI variation after adjusting for demographics; 70 % of vari-
ation in GL was explained by eleven (men) and nine (women) food groups, respectively. Although the GI of a food is an indicator of the ability of carbo-
hydrates to raise blood glucose, dietary GI, unlike GL, appears to reflect more dimensions of diet than just carbohydrates, such as the combination of foods
consumed. This may have implications for the interpretation of dietary GI in epidemiologic studies.

IRAS: Glycaemic index: Glycaemic load: Diet: Food groups: Nutrients

The concept of glycaemic index (GI) was introduced by Jenkins
and Wolever in 1981 as a quantitative indicator of the ability of
carbohydrates to raise blood glucose. The GI is defined as the
incremental area under the glucose response curve following
the intake of 50 g carbohydrate from a test food compared with
the glucose area induced by the same amount of carbohydrate
from a standard carbohydrate source, usually white bread or glucose
(Jenkins ef al. 1981). Originally, GI was primarily used in diabetes
care to function as a physiological basis for food exchanges to
account for differences in glycaemic potency of carbohydrates
(Jenkins et al. 1983). Recently, the potential role of dietary GI in
disease aetiology has become a topic of intense investigation in
epidemiological studies (Augustin ez al. 2002; Liese et al. 2004a).

Methodological issues including the determination of GI values
for individual foods and mixed meals (O’Dea et al. 1980; Crapo
et al. 1981; Vaaler er al. 1984; Englyst & Cummings, 1986;
Wolever & Jenkins, 1986; Wolever et al. 1990; Ercan et al.
1994; Wolever & Bolognesi, 1996) have been investigated exten-

sively. However, the question of how the concept of the GI can be
applied in epidemiological research and public health, where the
entire diet needs to be considered, has received less attention. In
the total diet, the relevance of a particular food’s GI is qualified
by the food’s overall contribution to carbohydrate intake, i.e. its
nutrient composition and frequency of consumption. To take the
amount of carbohydrates consumed into account, the glycaemic
load (GL) has been introduced, which is the amount of carbo-
hydrate multiplied by its GI. The GL thus provides a measure
of the interaction of GI and the amount of carbohydrates and
thus expresses both the quality and the quantity of carbohydrates
(Salmerén ef al. 1997b). In the total diet of free-living individuals,
this measure may be even more important than the GI, since the
carbohydrate content of diet may vary substantially.
Understanding the potential impact of dietary GI and GL on
health outcomes requires consideration of food and nutrient
intake of the overall diet associated with the range of GI
and GL values observed in free-living individuals. However,
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only limited research has described nutritional factors related to
dietary GI and GL at the population level, and this research has
primarily taken place in demographically homogeneous popu-
lations (Salmer6n et al. 1997a; Buyken et al. 2001; Schulze
et al. 2004). Therefore, the specific aims of the present study
were to advance the understanding of nutritional correlates,
both at the level of foods and nutrients, of dietary GI and GL
in a multi-ethnic population of middle-aged adults among
whom dietary intake has been assessed with a validated food fre-
quency questionnaire (FFQ) that has been used extensively in
nutritional epidemiological research (Mayer-Davis et al. 1997b,
1999, 2002; Sanchez-Lugo et al. 1997; Liese et al. 2003).

Subjects and methods
Study population

The design of the Insulin Resistance Atherosclerosis Study
(IRAS) has been described in detail elsewhere (Wagenknecht
et al. 1995). More than 1600 participants were recruited at four
clinical centres between 1992 and 1994 for the IRAS baseline
exam. The goal was to obtain nearly equal representation of par-
ticipants across glucose tolerance status (normal; impaired glu-
cose tolerance; non-insulin-taking type 2 diabetes mellitus);
race/ethnicity (African American, Hispanic and non-Hispanic
white); gender; age (40—49 years, 50-59 years, 60—69 years).
Race/ethnicity was determined by self-report using 1990 US
census questions. Two of the clinical centres (Los Angeles, CA
and Oakland, CA) recruited African American (about two-thirds
of subjects recruited) and non-Hispanic white participants
(about one-third of subjects recruited). The other two clinical
centres (San Luis Valley, CO and San Antonio, TX) recruited
Hispanic (about two-thirds of recruited subjects) and non-Hispa-
nic white participants (about one-third of recruited subjects).
The final sample comprised 1624 people, of whom 38 % were
non-Hispanic white, 34 % Hispanic and 29 % African American;
442 % (718) had normal glucose tolerance, 22-7 % (369) had
impaired glucose tolerance and 33-1 % (537) had type 2 diabetes.
All participants provided written informed consent as approved
by their respective field centre’s institutional review board.

Dietary assessment

Usual intake of foods and nutrients was assessed by interview using
a 1-year, semi-quantitative 114-item FFQ interview modified from
the National Cancer Institute Health History and Habits Question-
naire to include regional and ethnic food choices across the four
clinical centres. Participants were asked to recall usual intake of
foods and beverages over the past year. Both the frequency of
intake and the serving size were ascertained. For analyses, the ser-
vings per day were standardized to the medium serving size by mul-
tiplying the intake frequency with the serving size after applying a
weighing factor (small, 0-5; medium, 1-0; large, 1-5). For descriptive
and analytical purposes we furthermore collapsed the 114 line items
of the FFQ into thirty-three food groups based on similarities in food
and nutrient composition, and computed the number of daily intake
servings for each of these food groups. A description of the food
groups has recently been published elsewhere (Liese er al.
2004b). The IRAS FFQ has been validated in a subset of the IRAS
population (Mayer-Davis ef al. 1999). Comparable validity and
reproducibility of this instrument were demonstrated for the African

American, Hispanic and non-Hispanic white populations. Pearson
correlation coefficients adjusted for total energy were 0-33 for
sucrose, 0-37 for total carbohydrates and 0-46 for starch.

Alcohol intake was evaluated separately using a frequency
approach with additional questions about recent use and average
lifetime use. Subjects were asked about their usual consumption
of wine (red and white wine), beer, mixed drinks/mixers and
liquors. Frequency of consumption was expressed as servings
per day standardized to a medium serving size. The nutrient data-
base (HHHQ-DIETSYS analysis software, version 3.0; NCI,
Bethesda, MD, USA), which was expanded to new foods and to
include several additional nutrients, was used to estimate energy
and nutrient intakes from the FFQ and the alcohol questionnaire.

We assigned mean GI values based on the white bread standard
to all 114 FFQ line items plus three items assessed in the Exam 1
interview on alcohol consumption (beer, wine, liquors) plus sev-
eral extra foods (foods that were reported to be consumed more
than once per week in addition to line items queried in the
FFQ) using information from the international tables (Foster-
Powell er al. 2002) and other available resources (T. M., personal
communication). In the case of multiple line items (i.e. foods) per
FFQ line, we assigned a GI value to each food and estimated the
GI of the line using the weighted average of GI values based on
prevalence of estimated population consumption of those items
(Block et al. 1986; Mayer-Davis et al. 1999). Food items contain-
ing negligible amounts of carbohydrates (chiefly meat, fish, fats
and some vegetables) were assigned a GI value of 100, which
will not greatly affect the estimated daily GI due to small amounts
of carbohydrates consumed with these foods, but allows for the
fact that whatever carbohydrate to be found in meats or fish is
glycogen (Jenkins et al. 1981; Wolever et al. 1985, 1994).
Cheese was assigned the GI of milk.

Average dietary GI was computed by summing the products of
the digestible carbohydrate (i.e. total carbohydrate minus dietary
fibre) content per serving for each item, multiplied by the average
number of servings of that food per day, multiplied by its GI, all
divided by the total amount of digestible carbohydrate daily
intake (Wolever et al. 1994). The average dietary GL was com-
puted as the GI but without dividing by the total digestible carbo-
hydrate intake. Several additional issues inherent in the
assignment of GI values to foods are worth mentioning. If for a
given food more than one GI value was available, we initially
considered all values. In a review process, one of us (T. W.) eval-
uated the methodology and specifics of the published GI-testing
studies. We chose to consider as eligible only studies testing
foods of Northern American formulation, if formulations from
different countries were tested (as these may differ from country
to country) and studies using standardized analytical methods. If
more than one study was considered eligible for estimating the GI
of a food, the simple mean of the GI was calculated. The GI of a
mixed dish was determined by its major source of carbohydrates
(e.g. spaghetti with tomato sauce was assigned the GI of plain
spaghetti, sushi was assigned the GI of plain rice). The rationale
for this proceeding was twofold: first, the recipe of some mixed
dish line items was the mixed dish itself without provision of
weights of the ingredients (e.g. spaghetti with tomato sauce);
second, the infrequent consumption of other mixed dishes in
our study population was assumed to be of minor importance
for the estimation of dietary GI. For the purpose of presentation,
dietary GI and GL were converted to the glucose = 100 scale by
multiplication with the factor 0-7.
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Statistical analysis

We limited our analyses to 1071 individuals with normal (67 %)
or impaired (33 %) glucose tolerance, excluding individuals
with previously or recently diagnosed diabetes at baseline and
incomplete dietary information.

Analyses were conducted for total energy, dietary fat (total fat,
saturated fatty acids, MUFA and PUFA), dietary carbohydrates
(total carbohydrates, fructose, sucrose, lactose, glucose, galactose,
starch, fibre), protein and alcohol, and for the thirty-three food
groups. Mean nutrient and food group intakes were calculated
by quintiles of GI and GL. Since the distributions of most of
the nutrients and food groups were positively skewed, log-trans-
formed values were used in subsequent analyses. The natural log-
arithm of the nutrient alcohol and galactose and of all food groups
was computed after adding 1 to each value to account for some
individuals having zero intakes in these variables and the log of
zero being undefined. To account for total energy intake, food
group and nutrient intakes were adjusted using the residual
method (Willett & Stampfer, 1986).

In correlation analyses, the linear relationships between daily
food group as well as nutrient intakes and dietary GI and GL
were evaluated. Correlation coefficients were first estimated for
the crude relationship between dietary factors and GI and GL.
Next, adjusted correlations were estimated that took into account
total energy intake. In these correlation analyses, we used the
residuals of food group and nutrient intakes and dietary GI and
GL. Subsequently, stepwise linear regression models were fit to
detect the most predictive food groups to explain inter-individual
variation in dietary GI and GL. There were forty-one independent
variables (thirty-three food groups plus eight demographic covari-
ates forced to be in the model including age, and seven indicator
variables for ethnicity and clinic). The significance level for entry
into the model was set at P=0-1. Food groups explaining less
than 1 % of variation in GI or GL were omitted due to negligible
clinically relevant contribution to GI and GL variation. There
were no marked differences in the selection of predictive food
groups if the analysis was stratified by ethnicity, clinic or diabetes
status (normal v. impaired glucose tolerance). However, we
detected some differences by gender and thus regression models
were run for men and women separately, controlled for age, eth-
nicity and clinic. We used Statistical Analysis Systems version
8.2 (SAS Institute Inc., Cary, NC, USA) for the statistical
analysis.

Results

Descriptive characteristics of the study population are presented
in Table 1. Focusing on demographic characteristics, subjects in
the upper quintile of GI and GL were younger than subjects in
lower quintiles. The proportion of women decreased across GI
and GL quintiles. The relative proportion of Hispanics increased
with increasing GI and GL quintiles, while the proportion of non-
Hispanic whites and African Americans decreased across
quintiles in the Californian centres. This indicates that regional
differences may exist and that Hispanics consume a diet that is
on average of higher GI and GL compared with diets consumed
by non-Hispanic whites and African Americans. Having less
than high-school education was associated with high dietary GI
and GL, as was current smoking status.

Table 1. Descriptive characteristics of the Insulin Resistance Atherosclerosis Study population (Exam 1, 1992—4) by quintiles (Q1-Q5) of glycaemic index and glycaemic load* (n 1071)

Glycaemic load

Glycaemic index

Q5

Q4

Q3

Q2

Q1

Q5

Q4

Q3

Q2

Q1

All

52.5 56-0 580 59.9 635 56-8 570 57-8 585 59.7

580

Mean glycaemic indext

58-3
2145

58.2
149.7
121.9

58-0
120-3
1199

57-6

57-9

63-1
148.0
121.4

59.8
1309
120-5

57-9
1315

56-1
1233
120-9

52.9
105-9

1161

58-0
1280
120-1

935
1156

614

1116

Mean glycaemic loadt

1314

1216

54.9 57.2 56.1 54.7 53.2 53.1 55.9 56.0 55.0 55.2 52.1
481

Mean age (years)

Women (%)

35-4

60-3

65-4

72-9

36-7

47.7

57-0

69-2

715

56-4

San Antonio/San Luis Valley

17.7 16-3 16-8 24.8 181 145 210 22-4 15.7 18-1

8-8

1

331

Non-Hispanic white (%)

Hispanic (%)
Oakland/Los Angeles

50-3

46-3

318

23-8

136

53.5

355

34-6

26-2

159

29.9 17-8 14.5 9-8 30-8 26.2 22.0 145 13.0
18-6 4141

34-6

213

Non-Hispanic white (%)
African American (%)
Education <12 years (%)

Current smoking (%)

18-6

21.5

23-8

29-0

25.2

308

276

318

26-8

191

17-3

14.0

9-8

89

182

233

14.0

126

7-5

10-8

13-8

25.2

17-3

141

7-0

276

224

15.4

9.4

7-0

16.4

*Based on glucose = 100 scale.

1 First value is crude, second value is energy-adjusted (residual method).
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Food groups

We related all thirty-three food groups to dietary GI and GL,
showing the average number of servings per day across GI and
GL quintiles as well as correlation coefficients between
number of servings of food groups and GI and GL, respectively
(Table 2). Focusing on dietary GI, the food groups dark bread,
rice/pasta, cruciferous vegetables and other vegetables, fruits,
fruit juices, cottage cheese, low-fat milk, fish, poultry, diet soft
drinks, ice cream, tofu and wine were gradually decreasing
across GI quintiles and showed significant negative correlation
with GI, even after adjustment for total energy. The food
groups white bread, salty snacks, potatoes, fried potatoes,
cheese, dried beans, eggs, meat, soft drinks, pastry, sweets, fats/
oils, coffee/tea, beer and mixed drinks were steadily increasing
as dietary GI increased and were significantly positively corre-
lated with dietary GI. The correlation was attenuated for potatoes,
cheese, pastry and sweets after adjustment for total energy.
Focusing on dietary GL, consumption of all but five food
groups was gradually increasing with increasing GL and also
showed significant positive correlation with GL (Table 2); the

strongest correlations were observed for white bread (0-65) and
meat (0-56). Wine was the only food group with a negative cor-
relation. Correlation coefficients were markedly attenuated for
all food groups after controlling for total energy, leaving signifi-
cant correlations for few food groups. For the food groups cheese,
eggs, meat and fats/oils, the direction of the correlation was even
reversed showing now significantly inverse correlations, i.e. that
under isoenergetic conditions a high-GL diet is lower in cheese,
eggs, meat and fats compared with a low-GL diet. This effect
may not have emerged due to collinearity between total energy
intake and the mentioned food groups (variance inflation factors
<10). There were no marked gender differences in the corre-
lations between food group intake and dietary GI or GL.

Nutrients

Focusing on dietary GI, total fat as well as fatty acids, digestible
carbohydrate and starch intakes steadily increased from lowest to
highest GI quintile, while sugars (mono- and disaccharides)
and fibre intakes decreased with increasing GI (Table 3).
Notably, after adjusting for total energy intake the direction of

Table 2. Mean food group intake by glycaemic index (Gl)t and glycaemic load (GL)t quintiles (Q1-Q5)$ and correlation coefficients between dietary Gl and GL

and food groups (log(food group + 1)) (n 1071)

Glycaemic index

Glycaemic load

Categorical analysis

Linear analysis

Categorical analysis Linear analysis

Food group (servings/d) Q1 Q2 Q3 Q4 Q5 r Tagj Q1 Q2 Q3 Q4 Q5 r Tadj
Dark bread/high-fibre cereal 0-9 0-9 0-8 0-8 0-6 —0-15** —0-18** 0-5 0-8 0-8 09 1-0 0-17* 0-05
White bread/low-fibre cereal 0-7 11 13 1.5 1-9 0-39** 0-29** 0-5 0-8 11 1-6 2.4 0-65" 0-05
Salty snacks 0-2 0-2 0-3 0-3 0-3 0-17** 0-09* 0-1 0-2 0-3 0-3 0-4 0-31** —0-00
Rice/pasta 0-6 0-7 0-6 0-5 0-4 —0-11** —0-22** 0-3 0-5 0-6 0-6 0-8 0-36™* 0-03
Tomatoes 0-7 0-8 0.7 0.7 0-7 0-00 -0-13** 0-4 0-6 0-8 0-9 1-0 0-40** —0-08
Cruciferous vegetables 04 0-5 0-4 0-3 0-2 —0-19** -0.23** 0-3 0-3 0-4 0-4 04 0-12** 0.-01
Other vegetables 1-9 21 1-8 1.7 1-6 —0-12** —0-24** 1.2 1-6 1-9 21 2.4 0-36™* 0-00
Potatoes 0-2 0-3 0-3 0-3 0-3 0-10** 0-02 0-1 0-3 0-3 0-3 0-4 0-29** —-0-02
Fries/fried potatoes 0-0 0-1 0-1 0-2 0-3 0-38** 0-30** 0-1 0-1 0-1 0-2 0-3 0-38** —0-00
Fruits 2.5 2.0 1.6 1.2 0-8 —0-42** —0-50** 1.0 1-4 1.8 1-9 2.0 0-28** 0-06*
Fruit juices 0-8 0-9 0-8 0-6 0-4 —0-21** —0-25** 0-4 0-5 07 0-8 1-0 0-26™* 0-10**
Cottage cheese 0-1 0-1 0-1 0-1 0-0 —0-11** -0-16** 0-0 0-1 0-1 0-1 0-1 0-12** —0-04
Cheese 0-3 0-4 0-4 0-5 0-5 0-16™* 0-04 0-2 0-3 04 0-5 0-6 0-37** —0-10**
Low-fat milk and products 0-6 0-3 0-2 0-1 0-1 —0-52** —0-56** 0-2 0-3 0-2 0-3 0-3 0-10* —-0-03
Whole milk and products 0-1 0-1 0-1 0-1 0-1 —0-01 —0-09* 0-1 0-1 0-1 0-2 0-2 0-21** —0-05
Fish 0-3 0-3 0-3 0-2 0-2 -0-10** -0-16** 0-2 0-2 0-3 0-3 0-3 0-19** —0-00
Dried beans 0-2 0-3 0-3 0-3 0-4 0-22** 0-10** 0-1 0-2 0-3 0-3 0-5 0-51** 0-02
Eggs 0-1 0-2 0-2 0-2 0-3 0-21** 0-11** 0-1 0-1 0-2 0-2 0-3 0-33** —0-09*
Meats 0-6 0-8 1.0 1.2 1.5 0-42** 0-34** 0-5 0-7 0-9 1.2 1.7 0-56™* -0-13**
Poultry 0-4 0-5 0-4 0-4 0-3 —0-10* —0-16** 0-3 0-4 0-4 05 0-5 0-19** —-0-02
Soft drinks 0-1 0-2 0-3 0-2 0-2 0-15** 0-09* 0-1 0-1 0-2 0-2 0-4 0-41** 0-15**
Diet soft drinks/water 1-4 1-3 1.2 1.2 11 —0-14** -0-15** 1.2 1-3 13 1.3 1-3 0-05 —0-00
Ice cream 0-2 0-3 0-2 0-2 0-1 -0-17** —0-22** 0-1 0-2 0-2 0-2 0-3 0-19** —-0-00
Pastry 0-2 0-3 04 04 0-4 0-13** 0-03 0-1 0-2 0-3 0-4 0-6 0-41** 0-04
Sweets 0-5 07 0-6 0.7 0-7 0-14* 0-04 0-3 0-5 0-6 0-7 11 0-41** 0-03
Fats and oils 1-4 15 1.7 1-6 1-8 0-18** 0-06* 11 1-4 15 1-8 2.2 0-36™* -0-13**
Nuts and seeds 0-2 0-2 0-2 0-1 0-1 —0-03 —0-09* 0-1 0-1 0-1 0-2 0-2 0-20** —0-01
Coffee and tea 0-7 0-8 0-9 0-9 1.0 0-15** 0-10* 0-7 0-8 0-8 09 1.0 0-19** —-0-01
Tofu 0-0 0-0 0-0 0-0 0-0 —0-07* —0-06* 0-0 0-0 0-0 0-0 0-0 —0-01 0-01
Meal replacements 0-0 0-0 0-0 0-0 0-0 —0-05 —0-06* 0-0 0-0 0-0 0-0 0-0 0-03 0-01
Beer 0-0 0-1 0-1 0-2 09 0-50** 0-44** 0-1 0-1 0-2 0-3 0-7 0-30** 0-01
Mixed drinks 0-2 0-1 0-2 0-2 0-3 0-08* 0-06* 0-2 0-2 0-2 0-2 0-2 0-01 —0-06
Wine 0-2 0-2 0-1 0-1 0-1 —0-09* —0-09* 0-2 0-2 0-2 0-1 0-1 —0-09* —0-05

r, Pearson correlation coefficient; r,q;, correlation coefficient adjusted for total energy with residual method.

Correlation coefficients significant: *P<0-05, **P<0-001.
1 Based on glucose = 100 scale.

1 Gl quintiles: Q1, <54-9; Q2, 54.9-57.0; Q3, 57-1-58.9; Q4, 60-0-61-1; Q5, >61-1. GL quintiles: Q1, <80-5; Q2, 80-5-105-8; Q3, 105:9-135-8; Q4, 135.9-167-3; Q5, >167-3.
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the correlation changed for carbohydrates (—0-27) and for protein
(—0-23), which means that under isoenergetic conditions, a high
GI diet appeared higher in total fats but lower in digestible carbo-
hydrates and protein compared with a low GI diet. Again, this
effect may not be explained by collinearity between total
energy intake and the nutrients (variance inflation factors <<10).
Correlation coefficients for fat and the fatty acids as well as for
starch intake became weaker after adjusting for total energy,
whereas the linear relationships between fibre (—0-34) and
sugars (—0-30 for sucrose to —0-52 for lactose) and dietary GI
became stronger.

A slightly different picture was observed for the correlations
between nutrients and dietary GL: while all the crude correlation
coefficients were significantly positive, taking total energy into
account revealed significantly negative correlations for total fat,
fatty acids, lactose and protein. The remaining correlations were
materially attenuated, except for alcohol. Correlation coefficients
between nutrients and dietary GI/GL did not markedly vary by
gender.

In order to allow direct comparison between observations made
in the present study and current recommendations, we computed
macronutrient intake data as a percentage of total energy. With
regard to GI quintiles, mean values of percentage of energy
were: 306, 32-6, 347, 364 and 36-6 for fat; 47-9, 469, 45.5,
43-5 and 412 for digestible carbohydrates; 17-7, 16-6, 16-0,
16-2 and 15-2 for protein. In GL quintiles the mean values of per-
centage of energy were: 34-6, 33.9, 33.6, 34-7 and 34-4 for fat;
42.0, 44-4, 45-3, 450 and 45-5 for digestible carbohydrates;
17-3, 17-0, 16-3, 16-1 and 15-6 for protein.

Prediction models

We furthermore aimed to identify food groups that contributed to
inter-individual variation in dietary GI and GL. The prediction
models are shown by gender and were adjusted for age, clinic
and ethnicity.

Among men, eight out of thirty-three food groups contributed
significantly in explaining variation in GI (at least 1 %), account-
ing for 63 % of GI variability after adjusting for demographic
covariates (Table 4). The five food groups that contributed most
to inter-individual variation in dietary GI were beer, low-fat
milk and milk products, white bread/low-fibre cereal, fruits, and
whole milk and milk products. While beer and white bread/low-
fibre cereal were positively associated with dietary GI, the three
other food groups were inversely associated. For instance, an
increase of one serving of beer per day corresponded to an
increase of 4-2 units in dietary GI, while an increase of one ser-
ving of low-fat milk per day corresponded to a decrease of 6-0
units in dietary GI. We detected some gender differences in the
selection as well as in the ranking of the most predictive food
groups. Among women, the prediction model selected eight
food groups explaining 55 % of variation in GI after adjusting
for demographic covariates, with the five most predictive food
groups being low-fat milk and milk products, fruits, white
bread/low-fibre cereal, beer and potatoes. Compared with men,
among women the predictive value of food groups was higher
for low-fat milk and milk products, potatoes and for ice cream,
for instance, and was lower for beer and fries/fried potatoes.
Common to both genders was that low-fat milk and milk products
as well as fruits were inversely associated, while beer and white
bread/low-fibre cereal were positively associated with dietary GI.

The prediction models explaining variation in dietary GL
showed marked differences in the selection and the importance
of food groups compared with the GI prediction models. The
model explaining variation in dietary GL (at least 1 %) among
men selected eleven out of thirty-three food groups, which
accounted for 70 % of total GL variability after adjusting for
demographic covariates (Table 5). The five food groups that con-
tributed most to inter-individual variation in dietary GL were
white bread/low-fibre cereal, dark bread/high-fibre cereal, regular
soft drinks, beer and fruits. The highest increase in dietary GL
was found for an increment of one serving of regular soft
drinks and the lowest for a one-unit increment in consumption
of fruit juices. The model among women selected nine of the
thirty-three food groups, which explained 70 % of total GL vari-
ation after adjusting for demographic covariates. The most predic-
tive food groups were white bread/low-fibre cereal, rice/pasta,
regular soft drinks, dark bread/high-fibre cereal and fruit juice.
Compared with men, among women, an appreciably higher pro-
portion of variation was explained by food groups such as rice/
pasta, fruit juice and pastry, and a lower proportion was
explained, for instance, by the food groups dark bread/high-
fibre cereal and beer.

Discussion

The study of dietary GI in free-living populations requires con-
sideration of the fact that foods are consumed in combination
and consumption of foods is determined by many factors contri-
buting to a very complex process. Therefore, in the present
study, we related the wide variety of food groups and nutrients
to dietary GI and GL, controlled for demographic factors. To
date, no data on nutritional correlates have been reported from
a multi-ethnic epidemiological study that has evaluated the
broad range of dietary factors in relation to dietary GI and GL.

The most astounding finding was that the GI of a total diet,
more so than the GL, was strongly associated with foods of low
carbohydrate content and with non-carbohydrate nutrients. Diet-
ary GL was, as expected, mostly associated with high-carbo-
hydrate foods.

Foods with negligible amounts of carbohydrates being directly
correlated with dietary GI were, for instance, meat, eggs, and fats
and oils. Among these foods, meat exhibited the strongest positive
correlation with dietary GI, which was entirely unexpected.
A possible explanation for this finding could be that meat con-
sumption is correlated with intake of other high GI foods such
as white bread or potatoes. In previous work on dietary patterns
in the same study population, we identified a specific dietary pat-
tern, which was characterized by the high consumption of white
bread, meat, tomatoes, cheese, beans, meat and beer (Liese et al.
2004b). To our knowledge there is no study that reported on the
association between dietary GI and meat consumption.

A second interesting relation is the strong positive association
between beer and dietary GI, which contrasts with the remarkably
weak or null association of dietary GI with other alcoholic drinks.
This finding may be driven by the GI value assigned to the alco-
holic beverages. Beer has measurable amounts of starch, while the
carbohydrate of wines and mixed drinks is limited to sucrose and
the amount of carbohydrate is negligible as compared with beer.
Because of its starch content, beer was assigned a value of 95
(glucose standard). Wine and mixed drinks were assigned a
value of 61, which corresponds to the GI of sucrose. Unlike the
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Table 4. Food groups (log(food group + 1)) contributing* to inter-individual
variation in average dietary glycaemic indext identified by stepwise linear
regression, by gender (n 1071)

B Partial R? Model R?
Men (n 467) 0-14§
Beer 4.25 0-30 0-44
Low-fat milk and products -6-02 0-13 0-57
White bread/low-fibre cereal 314 0-08 0-64
Fruits —-2.27 0-07 0-71
Whole milk and products —347 0-02 0-73
Fries/fried potatoes 220 0-02 0-75
Dark bread/high-fibre cereal 1.28 0-01 0-76
Fruit juice -1.12 0-01 0-77
Women (n 604) 0-18%
Low-fat milk and products —-7-31 0-26 0-44
Fruits —2-65 0-10 0-54
White bread/low-fibre cereal 2.45 0-08 0-61
Beer 4.49 0-05 0-66
Potatoes 2:23 0-02 0-69
Whole milk and products —-395 0-02 0-71
Dark bread/high-fibre cereal 1.27 0-01 0-72
Ice cream —-2-13 0.-01 0-73

*Food groups explaining at least 1% of variation adjusted for demographics (age, clinic,
ethnicity).

1 Based on glucose = 100 scale.

} Explained variation by adjustment variables.

positive relationship between alcohol intake and dietary GI/GL
observed in the present study, Michaud er al. (2002) and others
(Salmer6n et al. 1997a; Higginbotham et al. 2004; Schulze et al.
2004) found a decreasing trend of alcohol intake across dietary GI
or GL quintiles. This inconsistency may have emerged from the
fact that we assigned GI values to alcoholic beverages while

Table 5. Food groups (log(food group + 1)) contributing* to inter-individual
variation in average dietary glycaemic loadt identified by stepwise linear
regression, by gender (n 1071)

B Partial R? Model R?
Men (n 467) 0-18§
White bread/low-fibre cereal 57.22 0-32 0-50
Dark bread/high-fibre cereal 2379 0-09 0-59
Regular soft drinks 87-16 0-08 0-66
Beer 3330 0-05 0-71
Fruits 23.66 0-04 0-76
Sweets/sugar 22.79 0-04 0-80
Rice/pasta 3320 0-03 0-83
Pastry 26-05 0-02 0-85
Salty snacks 27-67 0-01 0-86
Fruit juice 2229 0-01 0-87
Fries/fried potatoes 35-93 0-01 0-88
Women (n 604) 0-17%
White bread/low-fibre cereal 38-04 0-27 0-44
Rice/pasta 28-16 0-12 0-56
Regular soft drinks 69-24 0-09 0-65
Dark bread/high-fibre cereal 23-93 0-07 0-73
Fruit juice 19-29 0-04 0-77
Pastry 27-86 0-04 0-81
Fruits 10-37 0-03 0-84
Dried beans 27-86 0-02 0-86
Fries/fried potatoes 44.73 0-01 0-87

*Food groups explaining at least 1% of variation adjusted for demographics (age, clinic,
ethnicity).

1 Based on glucose = 100 scale.

} Explained variation by adjustment variables.

other investigators considered alcoholic beverages as low-carbo-
hydrate foods and thus did not include these items in the esti-
mation of dietary GI. However, we can only speculate on this,
since previous studies have provided very limited detail of assign-
ing GI values to food items.

With regard to macronutrients, we observed that a high-GI diet
was characterized by high fat, low carbohydrate and low protein
intake, compared with a low-GI diet. This is in agreement with
previous studies that reported an inverse association of dietary
GI with total carbohydrates (Jonas er al. 2003; Scholl er al.
2004; Schulze et al. 2004). In previous studies, results regarding
fat intake and dietary GI were equivocal: while one study
(Buyken er al. 2001) observed a decreasing trend of animal fat
intake across GI quintiles, two other studies (Jonas et al. 2003;
Scholl ef al. 2004) reported a positive trend of fat intake.

Focusing on the carbohydrate fractions, it became apparent that
a high-GI diet was positively correlated with starch (carbo-
hydrates, for example, in grains and potatoes), whereas the
mono- and disaccharides (carbohydrates in fruits and milk/milk
products) as well as fibre intake showed inverse associations
with dietary GI. Consequently, in our study population, a high-
GI diet was high in starch intake but low in sugar intakes com-
pared with a low-GI diet, which resulted in an overall decrease
in the amount of total carbohydrates. This is in perfect agreement
with the high intake of white bread (a food group that was found
to be positively associated with dietary GI) and the low intake of
fruits and milk products (food groups that were found to be nega-
tively associated with dietary GI) in the high-GI diet. Our findings
are in agreement with previous studies that reported an inverse
association of dietary GI with simple sugars (Wolever er al.
1994) and fibre (Jonas et al. 2003; Scholl et al. 2004; Schulze
et al. 2004) and direct associations for starchy foods (Salmerdn
et al. 1997a; Buyken et al. 2001).

We could confirm a positive association of potatoes with diet-
ary GI observed in previous studies (Salmerén er al. 1997a;
Buyken er al. 2001). However, in the present study consumption
of potatoes was less important for dietary GI and GL than con-
sumption of many other food groups, especially among men.
Differences in eating patterns between study populations may
explain the inconsistency in this association: while in many Euro-
pean regions cooked potatoes are more commonly consumed than
fried potatoes, the consumption of French fries and fried potatoes
may be favoured over cooked potatoes in our US study popu-
lation. A positive correlation between French fries and dietary
GI has also been shown in a US population of male health pro-
fessionals (Salmerdn et al. 1997).

Dietary GI was associated with a number of demographic and
socio-economic characteristics. In the multi-ethnic IRAS popu-
lation, a significantly larger proportion of Hispanics consumed a
diet high in GI or GL compared with the non-Hispanic white
or African American population. Similarly to the ARIC study
(Stevens et al. 2002), we also found that women tended to eat
diets lower in GI than men. Additionally, consumption of diets
higher in GI or GL was associated with indicators of lower
socio-economic status, such as lower levels of education and
larger prevalence of smoking. Similar trends with regard to smok-
ing were observed in the African American group of the popu-
lation-based ARIC study, and with regard to education in both
Whites and African Americans in ARIC (Stevens et al. 2002),
but opposing trends were observed in two populations of
highly educated health professionals (Salmerdn er al. 1997a,b).
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The consideration of demographic characteristics in GI research
in free-living individuals merits special attention. As indicators
of diet and lifestyle, on the one hand, and of some genetic back-
ground, on the other hand, they may confound the association
between dietary GI and an outcome.

The application of GI to mixed meals and total diet deserves
closer attention. Although much controversy exists about the
accuracy of GI for mixed meals, and actual metabolic responses
in free-living individuals consuming food in combination may
not confirm the GI values of foods obtained from tests (Laine
et al. 1987; Schrezenmeir et al. 1989; Hollenbeck & Coulston,
1991; Flint et al. 2004), it has been demonstrated that the glycae-
mic response to mixed meals can reasonably accurately be pre-
dicted from the GI of the constituent foods (Wolever &
Jenkins, 1986; Chew er al. 1988; Wolever & Bolognesi, 1996).
Evidence is limited as to the applicability of GI to overall diet.
Even though in a short-term intervention trial the effect of a
low-GI diet was demonstrated on concentrations of C-peptide
(Jenkins et al. 1987), it has to be acknowledged that differences
may exist in total diets administered under experimental con-
ditions and in free-living individuals. In an intervention setting,
low- and high-GI diets differ only in the quality of carbohydrate
foods consumed (e.g. whole-grain kernels v. refined grains, or
pasta v. mashed potatoes; Heilbronn er al. 2002; Frost et al.
2004; Sloth et al. 2004). They usually do not differ in other
foods and in energy and macronutrient composition. In the pre-
sent study, we found all these differences, apart from the selection
of carbohydrate, in a diverse, free-living population. Obviously,
this would have implications for the interpretation of dietary GI
in epidemiological studies, since any effect seen for dietary GI
on an outcome may be difficult to interpret without understanding
nutritional correlates of dietary GIL.

Along these lines, the question arises as to the applicability of the
concept of GI to characterize a long-term dietary exposure. The GI
of a food describes an acute physiological event (2 h postprandial
glucose response) provoked under controlled experimental con-
ditions. The chronic consumption of high-GI foods is thought to
challenge glucose homeostasis mechanisms and, consequently,
may lead to insulin resistance and other related conditions
(Ludwig, 2002). Effects on glucose and insulin regulatory mechan-
isms have been demonstrated in some experimental studies (Jenkins
et al. 1987; Wolever et al. 1992; Schafer er al. 2003; Rizkalla et al.
2004), but not in others (Kiens & Richter, 1996; Sloth et al. 2004).
Long-term evidence is only provided by observational studies relat-
ing dietary GI to incidence of type 2 diabetes mellitus. Also here,
results are equivocal: while some studies detected an association
(Salmerdn et al. 1997a,b; Schulze er al. 2004), others did not
(Meyer et al. 2000; Stevens et al. 2002). Thus, the impact of dietary
GI as a long-term dietary exposure remains questionable and war-
rants future research. Certainly, chronic exposure to high glucose
responses may have implications for other metabolic processes,
but it needs to be recognized that GI is only one characteristic of
diet (and lifestyle) and effects may be both reduced or magnified
due to other conditions such as adiposity and physical activity (Will-
ett et al. 2002).

The conceptual framework of our present study merits special
attention. We paid significant attention to the assignment of GI
values to foods assessed in IRAS. We considered nutritional cor-
relates of GI that have previously not been described or taken into
account (either due to negligible amounts of carbohydrates, such
as meat, milk and cheese, or due to omitting specific items, such

as beer). It needs to be recognized that this leads to an important
distinction in our study findings: while some associations
observed between nutritional factors and dietary GI/GL are
driven by the fact that the food contributes significantly to total
energy intake and also has a particularly high or low GI (such
as bread or milk), other associations are purely coincidental
(such as meat or fat). These correlations may have emerged due
to the fact that people who consume large amounts of high-GI
foods also tend to eat a lot of fat. A strength of our study is
that we used diet data from a validated instrument, which has
been shown to detect diet—disease relationships (Mayer-Davis
et al. 1997a; Bell et al. 2000; Liese et al. 2003).

A limitation of the present study is that our FFQ, similar to
most epidemiological studies to date, has not been designed
specifically to measure dietary GI or GL. Consequently, our
assignment of GI values was conducted within the constraints
of the FFQ, which included that GI values for those food lines
containing multiple foods were computed by an averaging or
weighting procedure. The satisfactory validity of carbohydrate
intake in our study population (Mayer-Davis ef al. 1999) that is
comparable to other work in multi-ethnic populations provides
some reassurance. In future studies, however, the focus should
be directed toward the validity of dietary GI in epidemiological
studies. A second limitation refers to the fact that our observations
might be of limited value regarding inferences to other study
populations in that the findings of the present study may not be
reproducible in different study populations, e.g. children or
elderly people. However, they may translate well to middle-
aged US-American populations considering the multi-centre
design of the IRAS.

In conclusion, we identified carbohydrate as well as non-carbo-
hydrate foods to be significantly related to dietary GI. Although
the GI value of a food is an indicator of the ability of carbo-
hydrates to raise blood glucose, average GI of diet appears to
reflect more dimensions of diet than just quality of carbohydrates,
such as the combination of foods consumed. Given the diverse
associations between food group consumption and dietary GI
that we found in the present study, the currently widely used defi-
nition of dietary GI in terms of overall quality of carbohydrates of
diet may be reconsidered and raised to a broader understanding,
including other dietary factors such as (animal) fat intake and
alcohol consumption. This may have implications for the
interpretation of dietary GI in epidemiological studies.
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