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Abstract

The association of glycemic index (GI) and glycemic load (GL) with the risk of type 2 diabetes remains unclear. We investigated

associations of dietary GI, GL, and digestible carbohydrate with incident type 2 diabetes. We performed a case-cohort study nested

within theEuropeanProspective Investigation intoCancer andNutritionStudy, including a randomsubcohort (n=16,835) and incident

type 2 diabetes cases (n = 12,403). The median follow-up time was 12 y. Baseline dietary intakes were assessed using country-

specific dietary questionnaires. Country-specific HRwere calculated and pooled using random effects meta-analysis. Dietary GI, GL,

and digestible carbohydrate in the subcohort were (mean6 SD) 566 4, 1276 23, and 2266 36 g/d, respectively. After adjustment

for confounders, GI and GLwere not associated with incident diabetes [HR highest vs. lowest quartile (HRQ4) for GI: 1.05 (95%CI =

0.96, 1.16); HRQ4 for GL: 1.07 (95% CI = 0.95, 1.20)]. Digestible carbohydrate intake was not associated with incident diabetes

[HRQ4: 0.98 (95% CI = 0.86, 1.10)]. In additional analyses, we found that discrepancies in the GI value assignment to foods

possibly explain differences in GI associationswith diabetes within the same study population. In conclusion, an expansion of

the GI tables and systematic GI value assignment to foodsmay be needed to improve the validity of GI values derived in such

studies, after which GI associations may need reevaluation. Our study shows that digestible carbohydrate intake is not

associated with diabetes risk and suggests that diabetes risk with high-GI and -GL diets may be more modest than initial

studies suggested. J. Nutr. 143: 93–99, 2013.

Introduction

Carbohydrate-rich diets are known to produce high postpran-
dial glucose concentrations and have therefore been expected to

increase diabetes risk (1,2). However, prospective studies have
generally found no association of carbohydrate intake with risk
of diabetes (3–5). Dietary carbohydrate content may not fully
represent glycemic response, because other aspects of the diet,

1 Supported by the InterAct project through the EU FP6 programme (grant no.

LSHM_CT_2006_037197). In addition, InterAct investigators acknowledge funding

from the following agencies. Verification of diabetes caseswas additionally funded by

Netherlands Agency grant IGE05012 and an Incentive Grant from the Board of the

University Medical Center Utrecht; The Dutch Ministry of Public Health, Welfare and

Sports; Netherlands Cancer Registry; LK Research Funds; Dutch Prevention Funds;

Dutch Zorg Onderzoek Nederland; World Cancer Research Fund; Statistics

Netherlands (The Netherlands); Cancer Research UK; Swedish Research Council;

Novo nordisk; Swedish Heart Lung Foundation; Swedish Diabetes Association;

Danish Cancer Society; Deutsche Krebshilfe; Associazione Italiana per la Ricerca sul

ã 2013 American Society for Nutrition.

Manuscript received July 3, 2012. Initial review completed August 1, 2012. Revision accepted October 26, 2012. 93
First published online November 28, 2012; doi:10.3945/jn.112.165605.

 at B
IB

LIO
T

H
E

Q
U

E
 IN

T
E

R
U

N
IV

E
R

S
IT

A
IR

E
 D

E
 M

E
D

E
C

IN
E

 on F
ebruary 3, 2013

jn.nutrition.org
D

ow
nloaded from

 
5.DCSupplemental.html 
http://jn.nutrition.org/content/suppl/2012/12/21/jn.112.16560
Supplemental Material can be found at:

http://jn.nutrition.org/


such as fat content and cooking methods, can also influence
glycemic response. The glycemic index (GI)31 was introduced,
which classifies carbohydrate-containing foods according to
their glycemic response (1). High-GI foods cause high postpran-
dial glucose concentrations that decline rapidly, whereas low-GI
foods cause lower postprandial glucose concentrations that
decline more gradually (1,2). The GI represents carbohydrate
quality. The glycemic load (GL) is the product of the GI and the
amount of carbohydrate in a food and represents both carbo-
hydrate quantity and quality (5).

High-GI diets have been suggested to contribute to diabetes
development by rapidly increasing postprandial glucose con-
centrations, thereby increasing insulin demand and leading to
pancreatic exhaustion. High-GI diets are also suggested to
increase postprandial FFA release, which can directly increase
insulin resistance (6,7). Current evidence regarding the pro-
spective associations of dietary GI and GL with diabetes is
still somewhat mixed, with some studies reporting harmful
associations (4,5,8–16) and others reporting no association
(8,9,12–14,17–23). Three recent meta-analyses of prospective,
predominantly American studies reported increased diabetes
risk in the highest GI and GL categories, ranging from an
increased risk of 16% (GI) and 20% (GL) to 58% (both GI and
GL) (24–26).

Although GI and GL are generally not implemented in dietary
guidelines, the GI concept can be applied in practice, as shown in
Australia, where GI symbols are put on food labels (27).

Recently, van Bakel et al. (28) reported that food patterns
underlying the GI and GL of the diet, and dietary GI and GL
levels, vary substantially among European regions.Wide variation
in dietary GI and GL can improve the ability to detect potential
effects of GI and GL on diabetes risk. The European Prospective
Investigation into Cancer and Nutrition (EPIC)-InterAct study
(29) is a large, prospective, case-cohort study with contributions
from 8 European countries and provides an excellent opportunity
to investigate dietary GI and GL at wide varying intakes, derived
from different underlying food patterns. Therefore, we investi-
gated the association of GI, GL, and digestible carbohydrate with
the risk of diabetes in the InterAct-EPIC study.

Participants and Methods

Study design and population. We used a nested case-cohort design,
including incident type 2 diabetes cases (n = 12,403) and a representative

subcohort (n = 16,835, including 778 incident type 2 diabetes cases),

selected randomly from the EPIC cohort (29). EPIC is a multi-center,

prospective, cohort study with 519,978 participants designed to inves-

tigate the relationships among food habits, nutritional status, lifestyle

and environmental factors, and the incidence of cancer and other chronic

diseases. The current analysis used the case cohort-only data from 8
European countries [Denmark (n = 4037; 2055 cases), France (n = 867;

288 cases), Germany (n = 3578; 1584 cases), Italy (n = 3393; 1437 cases),

The Netherlands (n = 2290; 828 cases), Spain (n = 5889; 2564 cases),

Sweden (n = 5401; 2622 cases), and the United Kingdom (UK) (n = 2324;
1025 cases)], with a total of 26 centers (Supplemental Table 1). The

majority of study participants were aged 35–70 y and were recruited

between 1991 and 2000, mainly from the general population. Exceptions

were the French cohort, which included female members of a health
insurance scheme for school and university employees, and the Spanish

and Italian centers, which included blood donors. In addition, the Utrecht

cohort (The Netherlands) and the Florence cohort (Italy) included women
attending a breast cancer screening program. Most of the Oxford cohort

(UK) consisted of vegetarian and health-conscious volunteers. All partic-

ipants gave written informed consent and the study was approved by the

local ethics committee in the participating countries and the Internal
Review Board of the International Agency for Research onCancer. The full

rationale and methods and detailed descriptions of the study populations

of the EPIC study were reported elsewhere (29,30).

We excluded prevalent diabetes cases (n = 548), participants with
unknown diabetes status (n = 133), and participants with abnormal

energy intake (in the top 1% and bottom 1% of the distribution of the

ratio of reported energy intake over estimated energy requirement,
assessed by basal metabolic rate; n = 619). Furthermore, we excluded

participants with missing information on nutritional intake (n = 117) or

other covariables (n = 955), leaving a total of 26,088 (11,559 cases,

15,258 subcohort participants, including 729 cases in the subcohort) for
the present analysis.

Dietary intake. The EPIC dietary data were assessed at baseline by

means of a quantitative dietary questionnaire with individual portion
sizes (in France, Spain, The Netherlands, Germany, and Italy, except

Naples) or semiquantitative FFQs (in Denmark, Naples, Sweden, and the

UK), which were developed and validated locally (31,32). Correlation

coefficients for the relative validity for carbohydrate measured with FFQ
against 24-h recalls or weighted food records varied from 0.40 in

Denmark to 0.84 in Spain for men and from 0.46 in Malmo (Sweden) to

0.78 in Spain for women (32). Detailed descriptions of the usual dietary
intake were described elsewhere (33).

GI values, with glucose as a reference scale, were assigned to food items

reported in the dietary questionnaires in a standardized manner as

described in detail elsewhere (34). In brief, foods reported in the dietary
questionnaires were selected on the basis of the GI value of the food while

considering aspects of the food that might influence GI (e.g., cooking

method, preservation method, sugar content, and country-specific types of

food). GI values obtained from the Foster-Powel table (35), British values
(36), internet updates (37), and some communicated from GI experts

(J. Brand-Miller, University of Sydney and T.Wolever, University of Toronto,

personal communication) were then assigned to individual food items. No
value was assigned to food items that contained no or a negligible

amount of carbohydrate or foods that do not increase blood glucose

concentrations (primarily meat, fish, fats, and eggs). GI values were

updated in 2009 using the recently published table by Atkinson et al.
(38). Mean dietary GL was calculated by adding the products of

digestible carbohydrate for each food (quantity per day) and its GI.

Mean dietary GI was calculated as GL and then divided by the total

amount of digestible carbohydrate consumed in 1 d.

Measurement of other baseline characteristics. Baseline information

on lifestyle and medical history were obtained from self-administered

questionnaires. Weight, height, and waist circumference were recorded by
trained health professionals during a visit to a study center. Exceptions to

this were that in Oxford (UK) and France a restricted number had waist

circumference and/or height andweight measured. In Umea (Sweden) only

weight and height were measured (39). Information on coronary heart
disease, angina, and stroke at baseline was obtained from self-reported

diagnosis or hospital discharge registries. Presence of hypertension and

hyperlipidemia were based on self-reported diagnosis and/ or use of
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medication. Physical activity was assessed by questionnaire and classified

into inactive, moderately inactive, moderately active, and active according

to the Cambridge Physical Activity Index (40).

Diabetes. Ascertainment and verification of incident diabetes has been

described in detail elsewhere (29). In short, incident diabetes cases were

identified on the basis of self-report, linkage to primary care registers,
secondary care registers, medication use, and hospital admissions and

mortality data. Identified cases were verified with further evidence,

including individual medical record reviews. Participants were followed-

up for occurrence of diabetes until the December 31, 2007.

Data analysis. Daily dietary GI, GL, and digestible carbohydrate (and

its subtypes sugar and starch) (all g/d, except GI) were adjusted for total
energy intake using the residual method (41) and were divided into

quartiles on the basis of the distributions in the subcohort. Baseline

characteristics and dietary intakes in the subcohort were examined by

quartiles of GI and GL and presented as mean6 SD or median (IQR) for
continuous variables and n (%) for categorical variables. Tests for linear

trend were performed by including the median GI and GL intakes per

quartile as continuous variables in linear (for continuous variables) or

logistic (for categorical variables) regression models. Differences in
baseline characteristics between quartiles of GI or GL were evaluated

using a chi-square test (for categorical variables), 1-way ANOVA, or

Kruskal-Wallis test (for continuous variables). Correlations among GI,
GL, and digestible carbohydrate were estimated using a Pearson

correlation. Country-specific HR (95% CI) for associations of GI, GL,

and digestible carbohydrate (and its subtypes sugar and starch) with

incident type 2 diabetes were calculated and random effects meta-
analyses were performed to calculate a pooled HR. Modified Cox

regression models that accounted for the case-cohort design [Prentice-

weighted method (42)] were used to estimate associations. Age was used

as underlying time variable in the Coxmodels, with age at recruitment as

entry time and exit time as the age at diagnosis of diabetes, death, loss to
follow-up, or censoring at the end of the follow-up, whichever came first.

Covariables that were entered into the models were center (categorical),

sex (men, women), BMI (continuous), education (none, primary school

completed, technical or professional school, secondary school, longer
education), physical activity (inactive, moderately inactive, moderately

active, active), menopausal status (premenopausal, perimenopausal,

postmenopausal), smoking status (never, former, current), alcohol

consumption (#10, 11–25, 26–50, $51 g/d), and dietary intakes of
total energy, protein, polyunsaturated:saturated fat ratio, and fiber [all

energy adjusted using the residual method (41) and continuous]. The

estimates obtained for GL and digestible carbohydrate from this model
can be interpreted as a substitution of GL or digestible carbohydrate for

fat. The polyunsaturated:saturated fat ratio included in the model allows

the absolute amount of fat to vary while the fat quality is kept constant.

Tests for linear trend were performed by including median values of each
quartile of intake for GI, GL, and digestible carbohydrate in the Cox

regression models. We quantified the percentage of heterogeneity (I2)

between countries for quartile comparisons of GI, GL, and digestible

carbohydrate using a multivariate meta-analysis approach. This approach
takes into account the correlation between the variable estimates of all

quartile comparisons.

Sensitivity analyses were done by excluding participants diagnosed
with diabetes within the first 2 y of follow-up and those with baseline

chronic diseases (coronary heart disease, angina, stroke, hyperlipidemia,

and/or hypertension). Moreover, analyses were repeated after adding

waist circumference to the multivariable-adjusted model; as a conse-
quence, the Umea center (Sweden, n = 1734) was excluded, because

waist circumference was not collected in this center. Interactions of GI,

TABLE 1 Baseline characteristics of the subcohort by quartiles of daily dietary GI and GL (EPIC-InterAct Study)1,2

GI GL

Q1 (lowest)
#53.6

Q2
53.7–56.0

Q3
56.1–58.5

Q4 (highest)
$58.6 P-trend

Q1 (lowest)
#111 g/d

Q2
112–126

Q3
127–141

Q4 (highest)
$142 g/d P-trend

n 3815 3814 3815 3814 3815 3814 3815 3814

Men, n (%) 1173 (31) 1380 (36) 1553 (41) 1668 (44) ,0.001 1562 (41) 1442 (38) 1343 (35) 1427 (37) ,0.001

Age, y 52 6 9 53 6 9 53 6 9 52 6 9 0.08 52 6 8 52 6 9 53 6 9 52 6 10 0.01

High education, n (%) 920 (24) 875 (23) 798 (21) 568 (15) ,0.001 908 (24) 841 (22) 745 (20) 667 (17) ,0.001

Waist circumference, cm 86 6 13 86 6 13 87 6 13 87 6 13 ,0.001 88 6 13 87 6 13 86 6 12 85 6 12 ,0.001

BMI, kg/m2 26.2 6 4.3 26.0 6 4.1 26.0 6 4.2 26.1 6 4.2 0.19 26.5 6 4.2 26.1 6 4.2 26.0 6 4.2 25.6 6 4.1 ,0.001

Current smoker, n (%) 906 (24) 885 (23) 979 (26) 1195 (31) ,0.001 1248 (33) 1040 (27) 875 (23) 802 (21)

Postmenopausal,3 n (%) 1300 (49) 1260 (52) 1190 (53) 1070 (50) 0.44 1040 (46) 1180 (50) 1320 (53) 1270 (53) ,0.001

Physically inactive, n (%) 814 (21) 815 (21) 889 (23) 1090 (28) ,0.001 909 (24) 804 (21) 872 (23) 1020 (27) 0.001

Hypertension, n (%) 757 (20) 731 (19) 677 (18) 660 (17) 0.002 724 (19) 701 (18) 724 (19) 676 (18) 0.22

Dietary intake2

Energy, kcal/d 2120 6 640 2170 6 620 2160 6 620 2110 6 650 0.70 2130 6 650 2160 6 630 2130 6 620 2140 6 650 0.80

Digestible carbohydrate, g/d 218 6 38 225 6 34 229 6 35 233 6 37 ,0.001 183 6 22 216 6 14 237 6 15 268 6 22 ,0.001

Starch, g/d 100 6 25 117 6 25 127 6 27 146 6 33 ,0.001 96 6 21 115 6 20 128 6 23 150 6 35 ,0.001

Sugar, g/d 114 6 34 103 6 30 99 6 30 86 6 31 ,0.001 83 6 26 97 6 27 106 6 29 116 6 39 ,0.001

Total fiber, g/d 23 6 6 23 6 6 22 6 6 22 6 6 ,0.001 20 6 5 22 6 6 23 6 6 24 6 7 ,0.001

Cereal fiber, g/d 7 6 4 9 6 4 9 6 4 9 6 4 ,0.001 6 6 4 8 6 4 9 6 4 10 6 5 ,0.001

Protein, g/d 90 6 17 87 6 15 86 6 14 86 6 15 ,0.001 95 6 16 89 6 15 86 6 14 80 6 13 ,0.001

SFA, g/d 31 6 8 31 6 7 31 6 8 29 6 8 ,0.001 33 6 9 32 6 8 30 6 7 26 6 6 ,0.001

MUFA, g/d 31 6 9 30 6 7 30 6 7 30 6 7 ,0.001 35 6 9 31 6 7 29 6 6 26 6 6 ,0.001

PUFA, g/d 13 6 5 13 6 4 13 6 4 13 6 4 0.24 14 6 5 13 6 4 13 6 4 11 6 4 ,0.001

PUFA:SFA ratio 0.4 6 0.2 0.4 6 0.2 0.5 6 0.2 0.5 6 0.2 ,0.001 0.5 6 0.2 0.4 6 0.2 0.4 6 0.2 0.5 6 0.2 0.32

Alcohol, g/d 7 (1, 18) 7 (1, 17) 6 (1, 16) 5 (1, 16) ,0.001 15 (4, 32) 8 (2, 18) 5 (1, 13) 2 (0, 8) ,0.001

1 Values are mean 6 SD, n (%), or median (IQR), n = 15,258. P values for differences between quartiles (using chi-square test, 1-way ANOVA, or Kruskal-Wallis test) were all

,0.001, except for BMI (0.05 for quartiles of GI), total energy intake (0.18 for quartiles of GI), monounsaturated fat intake (0.13 for quartiles of GI), and hypertension (0.01 for

quartiles of GI; 0.44 for quartiles of GL). EPIC, European Prospective Investigation into Cancer and Nutrition study; GI, glycemic index; GL, glycemic load.
2 Energy-adjusted intake, using residual method (41).
3 Among women only, n = 9484.

Glycemic index, glycemic load, digestible carbohydrate, and diabetes risk 95
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GL, or digestible carbohydrate with BMI, fiber intake, sex, and
physical activity and between digestible carbohydrate and GI were

tested within each country by including interaction terms in the

multivariable models. Country-specific estimates were pooled as
described above. All results are presented for men and women together,

because no evidence for an interaction with sex was present. The

proportional hazard assumption was visually checked in the subcohort

using log-minus-log plots, with no deviation detected. Analyses were
performed using Stata, version 10.1 (Stata Corp). The significance level

was set 2-sided at a 0.05.

Results

Estimated intakes of GI, GL, and digestible carbohydrate in the
subcohortwere (mean6 SD) 566 4, 1276 23, and 2266 36 g/d,
respectively. Approximately 55% of digestible carbohydrate was
derived from starch and 45% from sugar (mono- and disaccha-
rides). The highest dietary GI was reported in The Netherlands
(men) and Sweden (women) and the lowest in Germany. The
highest dietary GL was reported in Sweden and the lowest in
Spain. Women reported less dietary GI and greater sugar

consumption than men did (Supplemental Table 2). Correlations
were 0.52 between GI and GL, 0.18 between GI and digestible
carbohydrate, and 0.93 between GL and digestible carbohydrate.

Dietary GI was inversely associated with the percentage of
those with a higher education and prevalent hypertension,
whereas it was positively associated with the percentage of men.
Dietary intakes of total digestible carbohydrates and its subtype
starch associated directly with dietary GI, whereas the intake of
sugar associated inversely with dietary GI. Dietary GL was
inversely associated with waist circumference and BMI and the
percentage of men, those with a higher education, and current
smokers. Dietary GL associated directly with dietary intakes of
total digestible carbohydrates and its subtypes sugar and starch,
whereas intakes of protein, fats, and alcohol were inversely
associated with GL (Table 1).

During a median (IQR) follow-up of 12 y (11, 13), 11,559
participants had developed incident diabetes. After adjustment
for sex, established diabetes risk factors, and dietary factors,
dietary GI was not associated with the risk of diabetes [HRQ4:
1.05 (95% CI: 0.96, 1.16)]. Dietary GL was inversely associated

TABLE 2 Association of quartiles of dietary GI, GL, digestible carbohydrate, sugar, and starch and risk of
type 2 diabetes (EPIC-InterAct Study)1,2

Quartile 1
(lowest)

Quartile
2

Quartile
3

Quartile 4
(highest) P-trend

GI

Median intake 52 55 57 60

Incident type 2 diabetes cases, n 2757 2713 3050 3039

Model 1: age, sex, center3 1 0.94 (0.87, 1.01) 1.04 (0.92, 1.16) 1.02 (0.91, 1.15) 0.65

Model 2: diabetes risk factors4 1 0.96 (0.87, 1.05) 1.05 (0.96, 1.15) 1.04 (0.94, 1.14) 0.17

Model 3: dietary factors5 1 0.97 (0.89, 1.07) 1.07 (0.97, 1.17) 1.05 (0.96, 1.16) 0.11

GL

Median intake, g/d 101 119 133 153

Incident type 2 diabetes cases, n 3051 2886 2800 2822

Model 1: age, sex, center3 1 0.94 (0.88, 1.01) 0.91 (0.84, 0.98)* 0.87 (0.79, 0.96)* 0.003

Model 2: diabetes risk factors4 1 0.98 (0.89, 1.07) 0.94 (0.85, 1.03) 0.96 (0.87, 1.06) 0.40

Model 3: dietary factors5 1 1.02 (0.93, 1.13) 1.01 (0.90, 1.14) 1.07 (0.95, 1.20) 0.26

Digestible carbohydrate

Median intake, g/d 185 215 238 267

Incident type 2 diabetes cases, n 3230 2825 2760 2744

Model 1: age, sex, center3 1 0.88 (0.82, 0.95)* 0.86 (0.80, 0.92)** 0.81 (0.72, 0.90)** ,0.001

Model 2: diabetes risk factors4 1 0.92 (0.83, 1.03) 0.90 (0.82, 0.99)* 0.88 (0.79, 0.98)* 0.01

Model 3: dietary factors5 1 0.98 (0.86, 1.11) 0.96 (0.86, 1.06) 0.98 (0.86, 1.10) 0.51

Sugar

Median intake, g/d 65 88 108 137

Incident type 2 diabetes cases, n 3251 2872 2741 2695

Model 1: age, sex, center3 1 0.86 (0.76, 0.96)* 0.81 (0.71, 0.92)* 0.76 (0.62, 0.93)* 0.01

Model 2: diabetes risk factors4 1 0.95 (0.84, 1.08) 0.86 (0.78, 0.94)* 0.90 (0.80, 1.03) 0.04

Model 3: dietary factors5 1 0.98 (0.86, 1.11) 0.89 (0.81, 0.99)* 0.96 (0.86, 1.07) 0.31

Starch

Median intake, g/d 88 110 130 159

Incident type 2 diabetes cases, n 3020 2804 2825 2910

Model 1: age, sex, center3 1 0.93 (0.85, 1.01) 0.94 (0.84, 1.06) 0.94 (0.83, 1.08) 0.30

Model 2: diabetes risk factors4 1 0.92 (0.81, 1.05) 0.93 (0.84, 1.05) 0.99 (0.89, 1.09) 0.90

Model 3: dietary factors5 1 0.96 (0.83, 1.10) 1.00 (0.88, 1.14) 1.05 (0.94, 1.18) 0.25

1 Values are pooled HR (95% CI) derived from random effects meta-analyses, n = 26,088. *P , 0.05; **P , 0.001. EPIC, European

Prospective Investigation into Cancer and Nutrition study; GI, glycemic index; GL, glycemic load.
2 Energy-adjusted intake using the residual method (41).
3 Model 1: adjusted for center, age (as underlying timescale), and sex.
4 Model 2: adjusted for variables in model 1 + education, physical activity, BMI, menopausal status, smoking status, and alcohol

consumption.
5 Model 3: adjusted for variables in model 2 + energy intake, dietary protein, polyunsaturated:saturated fat ratio, and fiber (all energy

adjusted).
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with risk of diabetes, with a HRQ4 of 0.87 (95% CI: 0.79, 0.96)
in age- and sex-adjusted analysis and was nonsignificantly as-

sociated with increased risk of diabetes in an analysis adjusted

for confounders [HR highest vs. lowest quartile (HRQ4): 1.07

(95% CI: 0.95, 1.20)]. Digestible carbohydrate was not associ-

ated with risk of diabetes in adjusted analysis [HRQ4: 0.98 (95%

CI: 0.86, 1.06)]. In addition, neither of the digestible carbohy-

drate subtypes, sugar or starch, was associated with incident

diabetes in the multivariable-adjusted model [HRQ4 for sugar:

0.96 (95% CI: 0.86, 1.07); starch: 1.05 (95% CI: 0.94, 1.18)]

(Table 2).
The estimates for (pooled) country-specific multivariable

HRQ4 and corresponding I2 for heterogeneity between countries

are presented in Figure 1. Heterogeneity between countries was

low to moderate, with I2 ranging from 0 to 20% for HRQ4 (Fig.

1) and from 0 to 57% for the second and third quartile vs. the

first quartile (data not shown).
The exclusion of participants diagnosed with diabetes within

the first 2 y of follow-up (n = 975) did not alter our findings

[HRQ4 for GI: 1.05 (95% CI: 0.95, 1.16); GL: 1.06 (95% CI:

0.94, 1.19)] and neither did exclusion of participants with

chronic diseases at baseline [myocardial infarction, stroke,

angina, hyperlipidemia, hypertension, n = 9864; HRQ4 for GI:

1.06 (95% CI: 0.92, 1.22); GL: 1.06 (95% CI: 0.91, 1.24)].

Analyses with additional corrections for waist circumference

did not affect the associations with GI [HRQ4: 1.06 (95% CI:

0.96, 1.18)] and GL [HRQ4: 1.08 (95% CI: 0.96, 1.22)].
No significant interactions of GI and GL with sex, total fiber

intake, BMI, or physical activity level were found. We found no

interaction between digestible carbohydrate and GI.

Discussion

In this European, prospective, case-cohort study with a large
number of diabetes cases, dietary GI, GL, and digestible carbo-
hydrate were not associated with risk of diabetes.

Strengths of this study include its prospective, large-scale,
and multi-center design, the use of verified incident diabetes
cases, and long follow-up. Several limitations need to be ad-
dressed. First, GI and GL were measured by FFQs, which were
not specifically designed to assess GI and GL. However, relative
validity for carbohydrate measured with FFQs was generally
reported to be moderate to good in each country or center that
contributed to the EPIC cohort (32). In addition, great efforts
were made to assign GI values to food items in FFQs; assign-
ment was done centrally, separately for each country, using the
best available information (34). This yielded optimal compa-
rability of GI values between countries within our study.
However, comparability with other studies may still be limited
by subjective decisions involved in assignment of GI values.
Second, we assigned GI values to single foods, because dietary
intake data were collected on the level of individual foods. The
GI of foods in mixed meals may be affected by other dietary
aspects, such as co-ingestion of fat or protein (2), which is not
taken into account when assigning GI values to single foods.
However, it was shown earlier that the glycemic response to
mixed meals can be predicted by adding the weighted GI values
for each meal component (2). Another concern is that a
potential misclassification of individuals with undiagnosed
diabetes as nondiabetic individuals may be present in our study
(43). However, such misclassification can only have attenuated
our findings.

FIGURE 1 Association of GI (A), GL (B), digestible carbohydrate (C), sugar (D), and starch (E) with diabetes risk (quartile 4 vs. quartile 1) and I2

for the proportion of heterogeneity between countries. Values are HR (95% CI) per country and pooled. The pooled estimate is based on random

effects meta-analysis. I2 values are based on multivariate meta-analysis. All estimates are adjusted for center, age (as underlying timescale), sex,

education, physical activity, BMI, menopausal status, smoking status, alcohol consumption, dietary intake of total energy, protein,

polyunsaturated:saturated fat ratio, and fiber. All dietary variables are adjusted for total energy intake using the residual method (41). GI,

glycemic index; GL, glycemic load; I2, percentage of heterogeneity between countries.
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In this study, higher dietary GI, GL, and digestible carbohy-
drate were not associated with risk of diabetes. The null-
association of digestible carbohydrate with diabetes is consistent
with previous evidence (3–5). Current evidence regarding the
association of GI and GL with diabetes is still somewhat mixed
but tends toward an increased risk of diabetes with higher GI
and/or GL (4,5,9,11,12,14–16). Increased diabetes risks, up to
59% for the highest compared with the lowest quintile of GI in
the Nurses Health Study II (14) and up to 47% in the highest
compared with the lowest quintile of GL in the Nurses Health
Study I (5), have been reported. However, others reported no
association with GL and/or GI (8,9,12–14,17–23). A meta-
analysis of 4 (GL) and 5 (GI) prospective studies, including one
study on gestational diabetes, reported 40 and 27% increased
diabetes risk in the highest categories of GI and GL, respectively
(26). Another meta-analyses of 13 cohort studies reported a
58% increased risk of diabetes in the highest compared with the
lowest category of GL (25). This finding seems largely driven by
one study that contributed relatively high HRs (44), possibly
because this HR represents diabetes risk in the highest compared
with the lowest decile of GL, whereas other studies included in
the meta-analysis used fewer GL categories. However, our
findings did not materially change when we used deciles instead
of quartiles (data not shown). The most recent meta-analysis of
13 studies suggested more modest associations of 16% (GI) and
20% (GL) increased diabetes risk (24).

The Dutch EPIC cohort, also part of the InterAct study,
previously reported increased diabetes risk with higher GI [HR
per SD increase: 1.08 (95% CI: 1.00, 1.17)] (15), whereas our
country-specific analyses showed aHRQ4 of 0.80 (95%CI: 0.55,
1.16) for GI among the Dutch participants. In an attempt to
determine the reason for this discrepancy, we carefully evaluated
possible differences between the 2 studies. First, exclusion
criteria applied in both studies were largely similar and case
ascertainment and verification were identical, so these factors
likely do not explain the discrepancies. Moreover, our findings
did not materially change after including covariables in the
multivariable model similar to those applied in the Dutch EPIC
cohort or when GI was scaled, as in the Dutch EPIC cohort, per
SD increase (Supplemental Table 3). When we reanalyzed the
Dutch EPIC data with only those participants included in the
InterAct study, this also did not largely change the findings
(Supplemental Table 3). Both studies used similar GI tables for
GI assignment, but GI values were separately assigned in the
Dutch EPIC cohort and the InterAct study. When comparing
quartile ranking of participants according to GI values of both
studies, the agreement turned out to be moderate (k = 0.51). This
discrepancy was previously reported and was to a large extent
explained by differences in the assignments of GI values to milk
products and potatoes (34), which are important contributors to
the Dutch diet. Due to the narrow ranges of GI, even small
discrepancies in assigned GI values can affect the ranking of
participants for GI (34). Especially in Europe, difficulties in the
application of GI values may exist, because current GI tables
predominantly contain values for Australian and American food
products. Our data indicate that those GI tables cannot be
plainly extrapolated to studies in other countries and highlight
the need for an expansion of the GI tables and a systematic
assignment of GI values. After these improvements, associations
of GI with disease outcomes need to be reevaluated before firm
conclusions can be drawn. However, our findings need first to be
confirmed in other countries with few country-specific GI data
available. Discrepancies in GI value assignment may have
contributed to the differences in findings between InterAct and

the Dutch EPIC cohort. Discrepancies in GI value assignment
may to some extent also have contributed to inconsistencies
between previous studies, although other explanations such as
differences in populations and range of dietary GI and GL
should also be considered.

Country-specific analyses showed an inverse association of
sugar with risk of diabetes in the UK, which may be due to greater
underreporting of sugar intake in this country. The percentage of
energy-underreporters [energy intake (assessed by FFQ) vs. basal
metabolic rate (based on height, weight, age, and sex) < 1.14,
according to Goldberg cutoffs (45)] was relatively high in the UK
(26 vs. 22% mean of all countries). However, excluding energy
underreporters did not change our finding (data not shown).

GI and GL are currently not implemented in dietary guidelines.
Yet their applicability in practice has been shown in Australia
and the UK, where GI symbols are put on food labels and media
exposure about the GI concept is high (27). Consumer aware-
ness and understanding of GI are keen in these countries (27).
This suggests that when consumers are broadly exposed to the
GI concept, GI and GL could be used to indicate food choices in
other Western countries as well. However, it is still questionable
if guidelines should be specified given the results of the present
and other studies.

In conclusion, our data indicate that currently available GI
tables, largely based on Australian and U.S. GI data, cannot
plainly be extrapolated to studies in other countries. An
expansion of the GI tables and a systematic GI value assignment
to foods may be needed to improve the validity of GI values
derived in such studies, after which GI associations may need
reevaluation. Our study shows that digestible carbohydrate
intake is not associated with diabetes risk and suggests that
diabetes risk with high-GI and -GL diets may be more modest
than initial studies suggested.
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