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ABSTRACT

Background: Increasing evidence suggests an important role of
carbohydrate quality in the development of type 2 diabetes.
Objective: Our objective was to prospectively examine the associ-
ation between glycemic index, glycemic load, and dietary fiber and
therisk of type 2 diabetesin alarge cohort of young women.
Design: In 1991, 91249 women compl eted a semiquantitative food-
frequency questionnaire that assessed dietary intake. The women
werefollowedfor 8y for thedevel opment of incident type 2 diabetes,
and dietary information was updated in 1995.

Results: Weidentified 741 incident cases of confirmed type 2 dia-
betes during 8 y (716 300 person-years) of follow-up. After adjust-
ment for age, body massindex, family history of diabetes, and other
potential confounders, glycemic index was significantly associated
with an increased risk of diabetes (multivariate relative risks for
quintiles 1-5, respectively: 1, 1.15, 1.07, 1.27, and 1.59; 95% ClI:
1.21,2.10; Pfor trend = 0.001). Conversely, cereal fiber intakewas
associated with a decreased risk of diabetes (multivariate relative
risks for quintiles 1-5, respectively: 1, 0.85, 0.87, 0.82, and 0.64;
95% CI: 0.48, 0.86; P for trend = 0.004). Glycemic load was not
significantly associated with risk in the overall cohort (multivariate
relativerisksfor quintiles 1-5, respectively: 1, 1.31, 1.20, 1.14, and
1.33; 95% Cl: 0.92, 1.91; P for trend = 0.21).

Conclusions: A diet highinrapidly absorbed carbohydratesand low
in cereal fiber is associated with an increased risk of type 2
diabetes. Am J Clin Nutr 2004;80:348-56.
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INTRODUCTION

Theprevalence of type 2 diabeteshasincreased rapidly during
the past decadesin the United States (1-3). Although anincrease
in the prevalence of type 2 diabetes has been observed in all age
groups, it has been found to be most dramatic in younger age
groups. From 1990 to 2001, the prevalence of self-reported dia-
betes nearly doubled within the group aged 30-39 y and in-
creased by 83% within the group aged 40—49y (1, 3). Although
lifestyle characteristics such as obesity (4), physical activity (5,
6), and smoking (7) are established risk factors for this disease
(8), less is known about dietary factors (9). The quality of car-
bohydrates has received particular interest (10) because it can
influence the digestion rate and thus the blood glucose response.
Because the glycemic response varies substantial ly between dif-
ferent foods and because this variability is not explainable by
glucose chainlength (11, 12), the concept of glycemicindex was

devel oped to quantify the glycemic responsesinduced by carbo-
hydratesindifferent foods(13-15). Althoughanimal studies(16,
17) and short-term studiesin humans (18, 19) suggest apotential
roleof high-glycemic-index dietsinthedevel opment of diabetes,
no long-term intervention studies have examined the association
between the glycemic index and the risk of type 2 diabetes. In
prospective cohort studies, higher glycemic index and load pre-
dicted an increased risk of diabetesin the Nurses' Health Study
| (8, 20) and the Health Professionals Follow-Up Study (21), no
associations were observed in the lowa Women's Health Study
(22), and only moderate associations with glycemic load and no
associations with glycemic index were reported in the Athero-
sclerosisRisk in Communities (ARIC) Study (23). Nevertheless,
ahigher intake of dietary fiber, especialy cered fiber, has been
consistently associated with alower risk of diabetes (20-23).

Althoughtheoverall datasuggest apotential preventiveroleof
dietswith alow glycemic index and a high cereal fiber content,
the evidence from prospective studies is limited. Furthermore,
previous studies on thistopic have focused on ol der participants
and women who were largely postmenopausal (20-23). We
therefore examined the associations of glycemic index and load
and different sources of dietary fiber with incidence of type 2
diabetesin a group of younger women.

SUBJECTS AND METHODS

Study population

TheNurses Health Study |1, established in 1989, isaprospec-
tive cohort study of 116 671 female nurses in the United States
who were 24—44 y of age at study initiation. This cohort is
followed up with the use of biennial mailed questionnaires
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focusing on various lifestyle factors and health outcomes; the
follow-uprateexceeds90%for every 2-y period, and weestimate
that there is almost complete (98%) ascertainment of mortality
(24). For the analyses presented here, women were excluded
from the baseline population if they did not complete a dietary
questionnairein 1991 or if >9 items on it were left blank; if the
reported total energy intakewasimplausible (ie, <500 or >3500
kcal/d); if they had a history of diabetes, cancer (except non-
melanoma skin cancer), or cardiovascular disease reported on
either the 1989 or 1991 questionnaire; or if they had no data on
physical activity in 1991. These exclusions|eft atotal of 91 249
women for the analyses. The study was approved by the Human
Research Committeesat theHarvard School of Public Healthand
the Brigham and Women'’s Hospital .

Dietary assessment

In 1991 the mailed questionnaire included a 133-food item
semiquantitative food-frequency questionnaire (FFQ) to obtain
dietary information. A similar questionnaire was used to update
dietary information in 1995. For each food, a commonly used
unit or portion size was specified, and women were asked how
often they had consumed that amount of each food on average
over the previous year. There were 9 possible responses ranging
from*“never” to“6 or moretimesper day.” Nutrient intakeswere
computed by multiplying the frequency response by the nutrient
content of the specified portion sizes. Values for nutrients were
derived from the US Department of Agriculture sources(25) and
supplemented with information from manufacturers. Dietary fi-
ber was determined by enzymatic-gravimetric methods 985.29
and 991.43 of the Association of Official Analytical Chemists
(26). The glycemic index values for single food items on the
questionnaire were derived with the assistance of Jenkins (Uni-
versity of Toronto), which werebased on avail abledatabasesand
publications (13, 27, 28). We calcul ated the average dietary gly-
cemicindex for each participant by summing the products of the
carbohydrate content per serving for each food item times the
average number of servings of that food per day, times its gly-
cemic index, and divided by the total daily carbohydrate intake
(20, 21). Because the amount of carbohydrate in an overall diet
can vary, we also applied the concept of glycemic load, which
representstheamount of carbohydratesmultiplied by theaverage
glycemic index. Glycemic load, glycemic index, and intakes of
dietary fiber, magnesium, and caffeine were energy-adjusted by
using the residuals method (29). Intakes of carbohydrates and
fatty acids were expressed as nutrient density (% of total energy
intake) (30). Thevalidity and reliability of FFQssimilar to those
used in the Nurses' Health Study |11 were described elsewhere
(31-34). Briefly, the corrected correlation coefficients between
the FFQ and multipledietary recordsfor carbohydratesand fiber
were 0.64 and 0.56 in a validation study with 173 nurses aged
34-59yintheNurses' Health Study | (32, 35) and 0.73 and 0.68
in a cohort of men aged 40—74 y in the Health Professionals
Follow-Up Study (33). Correlationsfor individual carbohydrate-
rich food itemswerefound to be high aswell (white bread: 0.71;
dark bread: 0.77; cold breakfast cereal: 0.79; potatoes: 0.66) (31).
The ability of the FFQ to assess dietary glycemic index and
glycemic load was documented further in astudy that evaluated
the relations of these 2 variables to plasma concentrations of
HDL and triacylglycerol in postmenopausal women (36).

Ascertainment of type 2 diabetes

Women reporting a new diagnosis of diabetes (except gesta-
tional diabetes) on any of the biennial questionnaires were sent
supplementary questionnairesasking about diagnosis, treatment,
and history of ketoacidosis to confirm the self-report. The sup-
plementary questionnaire also asked for the type of diabetes
diagnosed, which was used to distinguish between type 2 and
type 1 diabetes (n = 27) and gestational diabetes. In accordance
with the criteria of the National Diabetes Data Group (37), con-
firmation of diabetesrequired at |east one of thefollowing: 1) an
elevated plasma glucose concentration (fasting plasma glucose
=7.8 mmol/L, random plasma glucose =11.1 mmol/L, or
plasma glucose =11.1 mmol/L =2 h after the beginning of an
oral-glucose-tolerance test) plus at least one classic symptom of
diabetes(excessivethirst, polyuria, weight loss, or hunger), 2) no
symptoms but =2 elevated plasma glucose concentrations (by
the above criteria) on different occasions, or 3) treatment with
hypoglycemic medication (insulin or oral hypoglycemic agent).
We used the National Diabetes Data Group criteria to define
diabetes because most of our cases were diagnosed before the
release of the American Diabetes Association criteria in 1997
(38). The validity of self-reported diabetes by medical profes-
sionals using the same supplementary questionnaire was docu-
mented in the Nurses' Health Study | and the Health Profession-
als Follow-Up Study, in which substudies showed that 98% and
97%, respectively, of the self-reported cases documented by
supplementary questionnaireswere confirmed by medical record
review (39, 40).

Assessment of nondietary exposure

Participants provided information biennially on their age,
weight, smoking status, contraceptive use, postmenopausal hor-
mone replacement therapy, history of high blood pressure, and
history of high blood cholesterol. We cal culated body massindex
(BMI) astheratio of weight (in kg) to squared height (in m), the
latter being assessed at baselineonly. Self-reportsof body weight
have been shown to be highly correlated with technician-
measured weights (r = 0.96) inthe Nurses’ Health Study | (41).
Family history of diabetes was reported in 1989 only. Physical
activity was assessed with the 1991 and 1997 questionnaires and
was computed as metabolic equivalents per week using the du-
ration per week of various forms of exercise, with each activity
weighted by its intensity level. Correlations between physical
activity reported on recalls and diaries and that reported on the
questionnaire were high in our cohort (0.79 and 0.62) (42).

Statistical analysis

We used Cox proportional hazards analysis stratified on 5-y
age categories to estimate relative risks for each category of
intake compared withthelowest category. Participantswho were
diagnosed with diabetes (type 1 or type 2) or who died during
follow-up were censored at the date of diagnosis or death. The
1991 intake was used for the follow-up between 1991 and 1995,
and we used the average of the 1991 and 1995 intakes for the
follow-up between 1995 and 1999 to reduce within-subject vari-
ation and best represent long-term diet (43). We used only the
1991 intake data, and not the 1995 data, for those persons who
reported on the 1993 or 1995 questionnaire adiagnosisof cancer
(except nonmelanoma skin cancer) or cardiovascular disease,
because changesin diet after thedevel opment of these conditions
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TABLE 1
Age-standardized baseline characteristics according to quintiles of energy-adjusted glycemic index, glycemic load, and cereal fiber intake in 91 249
women*

Quintiles of glycemic index Quintiles of glycemic load Quintiles of cereal fiber intake
Characteristic 1 3 5 1 3 5 1 3 5
Age(y) 36.7+46% 361+46 355+48 366+46 360+47 358+47 360+48 361+47 363+46

BMI (kg/m?)®
Physical activity (METs/wK)

247+50 246+£53 245+55 257+58 245+51 236+48 252+59 247+53 237145
259+ 312 205+ 256 165+ 235 195+ 255 20.6+ 258 229+ 309 19.0+ 269 20.1+£25.7 24.7 £ 313

Current smoking (%) 14.2 111 12.3 185 10.8 10.4 21.3 10.7 6.3
Family history of diabetes 17.0 16.0 16.5 17.7 16.2 155 174 16.0 14.8
(%)
History of hypertension (%) 31 3.0 3.7 4.0 29 32 45 32 2.3
History of high blood 9.0 9.0 10.1 9.7 8.9 9.9 10.1 9.2 8.8
cholesterol (%)
Current use of oral 11.2 10.7 110 11.3 104 10.7 111 10.6 10.6
contraceptives (%)
Current hormone replacement 2.7 23 2.6 24 25 24 25 26 23
therapy (%)
Alcohol intake (g/d) 4.8+ 8.6 3047 17+38 57+99 27+45 15+29 40x85 3.0+53 25+ 44
Carbohydrates (% of daily 474+76 495+71 527+79 403+44 496+28 59.7+51 471+89 492+63 542*68
energy)
Protein (% of daily energy) 209+37 193+32 178+35 218+36 194+28 165+29 194+41 194+32 191+33
Saturated fat (% of daily 116 +26 113+23 106+23 133+24 113+17 89+19 123+27 113+21 98+ 21
energy)
Monounsaturated fat (% of 118+26 121+24 118+25 140+23 121+18 97+19 127+26 122+22 107+23
daily energy)
Polyunsaturated fat (% of 57+16 57+13 54+13 6.3+ 1.6 57+12 48=*11 55+15 57+13 55+13
daily energy)
trans Fat (% of daily energy) 16+ 06 1.7+ 06 1.8+ 07 1.8+ 0.6 1.7+ 06 14+ 06 1.7+06 1.7+ 06 14+ 06
Energy-adjusted nutrient
intakes
Magnesium (mg/d) 356 + 76 316 + 64 271 £ 69 310 + 67 318 + 69 313 £ 92 282+ 70 308 £ 65 367 £ 79
Caffeine (mg/d) 304+254 239+204 191+186 304+249 240+219 197196 266+ 240 243 +217 219+ 214
Total fiber (g/d) 194+65 185+49 165+49 159+42 185+46 201+75 151+47 17.7+41 231+63
Cereal fiber (g/d) 52+ 37 58+ 28 56+28 42+18 57%+25 6.8+ 44 28+06 51+03 9.9+ 40
Glycemic index 699+30 769+08 831+22 730+49 767x37 806*+40 760+59 768*44 773*44
Glycemic load 150 = 25 172 £ 25 199 + 31 133+ 14 171 + 41 217 £ 19 163 + 37 171 + 26 190 + 27

1 METs, metabolic equivalents. Tests for trend (based on ordinal variables containing median values for each quintile) were all significant (P < 0.01),
except for current hormone replacement therapy, current use of oral contraceptives, family history of diabetes (for glycemicindex), monounsaturated fat intake
(for glycemic index), history of high blood cholesterol (for glycemic load), and trans fat intake (for cereal fiber).

2% 4 SD (all such values).
3 Analysis was limited to 88 710 women because of missing values.

may confound the relation between dietary intake and diabetes
(43). Covariates obtained from the baseline or subsequent ques-
tionnaires were used in multivariate analyses, including BMI
(<210, 21.0-229, 23.0-249, 25.0-269, 27.0-289,
29.0-30.9, 31.0-32.9, 33.0-34.9, and =35.0), total caloric in-
take (quintiles), alcohol intake (0, 0.1-4.9, 5.0-9.9, =10 g/d),
physica activity (quintiles), family history of diabetes (yes or
no), smoking (never, past, or current), history of high blood
pressure (yesor no), history of high blood cholesterol (yesor no),
postmenopausal hormone use (never or ever), oral contraceptive
use (never, past, or current), magnesium intake (quintiles), caf-
feineintake (quintiles), and types of fatty acids (quintiles). Non-
dietary covariates were updated during follow-up by using the
most recent data for each 2-y follow-up interval.

The significance of linear trends across categories of dietary
intake was tested by assigning each participant the median value
for thecategory and modeling thisvalueasacontinuousvariable.
Wealso tested for effect modification by BMI, physical activity,
and family history of diabetes by performing analyses stratified

by these variables and by evaluating interaction terms. All sta-
tistical analyses were performed by using SAS statistical soft-
ware (version, 6.12; SASinstitute Inc, Cary, NC).

RESULTS

During 716 300 person-years of follow-up, we documented
741 new cases of type 2 diabetes. Among the study popul ation of
91 249 women, a higher glycemic index was related to higher
carbohydrate intake, higher glycemic load, higher trans fatty
acid intake, lower alcohol intake, lower total fiber intake, lower
magnesium and caffeine intakes, and lower physical activity
(Table 1). Differences among quintiles of glycemic index for
other characteristics, such as specific fatty acid intakes, cereal
fiber intake, BMI, smoking, history of hypertension or high
blood cholesterol, or oral contraception or hormone replacement
therapy use were generally small. Participants with diets rela-
tively high in glycemic load and cereal fiber were less likely to
smoke, reported less frequently afamily history of diabetes and
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Adjusted relative risks (RRs) and 95% Cls of type 2 diabetes according to quintiles of energy-adjusted glycemic index, glycemic load, and carbohydrate

intakein 91249 women

Quintile
Variable 1 2 3 4 5 P for trend*
Glycemic index
Range <731 73.1-75.6 75.7-77.8 77.9-80.2 >80.2
Median 711 74.6 76.8 79.0 82.1
Cases 125 141 131 152 192
Person-years 143 397 142 881 143 326 142 992 143704
RR?
Age-adjusted 1.00 1.13(0.89, 1.44) 1.08 (0.85, 1.38) 1.31(1.03, 1.66) 1.79 (1.43, 2.25) <0.001
Age- and BMI-adjusted 1.00 1.17(0.92,1.49)  1.11(0.87,1.42)  1.35(1.07,1.71)  1.84(1.47,2.30) <0.001
Multivariate adjusted® 1.00 1.13(0.89,1.44)  1.04(0.81,1.33)  1.25(0.98,1.59)  1.62(1.28, 2.03) <0.001
Further adjustment for diet* 1.00 1.16 (0.90, 1.48) 1.07 (0.82, 1.38) 1.25(0.97, 1.62) 1.51(1.16, 1.97) 0.002
Further adjustment for fat® 1.00 1.15(0.90,1.48)  1.07(0.83,1.39)  1.27(0.98,1.66)  1.59(1.21, 2.10) 0.001
Glycemic load
Range <150 150-165 166-179 180-196 >196
Median 139 159 172 187 211
Cases 184 192 141 115 109
Person-years 143635 143 236 143031 143152 143 246
RR?
Age-adjusted 1.00 1.05(0.86,1.29)  0.78(0.63,0.97)  0.64(0.51,0.81)  0.62(0.49, 0.79) <0.001
Age- and BMI-adjusted 1.00 1.24(1.01, 1.51) 1.07 (0.86, 1.33) 1.01 (0.80, 1.28) 1.18(0.93, 1.49) 0.50
Multivariate adjusted® 1.00 1.23(1.00, 1.51) 1.06 (0.85, 1.33) 0.97 (0.77,1.23) 1.09 (0.86, 1.39) 0.98
Further adjustment for diet* 1.00 1.28(1.04,1.57)  1.11(0.89,1.40)  1.01(0.79,1.29)  1.07(0.83, 1.37) 0.93
Further adjustment for fat® 1.00 1.31 (1.05, 1.64) 1.20(0.92, 1.56) 1.14(0.84, 1.55) 1.33(0.92, 1.91) 021
Total carbohydrates (% of total energy)
Range <44.4 44.4-48.3 48.4-51.7 51.8-55.9 >55.9
Median 41.3 46.5 50.1 53.7 59.4
Cases 205 179 145 124 88
Person-years 143 683 143 289 143171 142 988 143 169
RR?
Age-adjusted 1.00 0.87(0.71, 1.06) 0.71(0.57,0.87) 0.60 (0.48, 0.75) 0.43(0.34, 0.56) <0.001
Age- and BMI-adjusted 1.00 1.03(0.85,1.26)  0.97(0.78,1.20)  0.95(0.76,1.18)  0.87(0.67, 1.11) 0.22
Multivariate adjusted® 1.00 1.03(0.84, 1.26) 0.96 (0.77, 1.19) 0.91(0.72, 1.14) 0.82 (0.63, 1.05) 0.082
Further adjustment for diet* 1.00 1.09(0.89,1.34)  1.02(0.82,1.27)  0.96(0.76,1.21)  0.84(0.64, 1.09) 0.174
Further adjustment for fat® 1.00 1.09(0.87,1.37)  1.05(0.80,1.38)  1.01(0.74,1.39)  0.89(0.60, 1.33) 0.69

1 Based on ordinal variable containing median value for each quintile.

295% ClI in parentheses.

3 Adjusted for age, BMI (9 categories), energy intake (quintiles), alcohol intake (0, 0.1-4.9, 5.0-9.9, or =10 g/d), physical activity (quintiles), family
history of diabetes, smoking (never, past, or current), history of high blood pressure, history of high blood cholesterol, postmenopausal hormone use (never or
ever), oral contraceptive use (never, past, or current)

4 Multivariate model with additional adjustment for intakes (quintiles) of cereal fiber, magnesium, and caffeine.

> Multivariate and diet-adjusted model with additional adjustment for intakes (quintiles) of saturated, monounsaturated, polyunsaturated, and trans fatty

acids.

ahistory of hypertension, and were on average leaner and more
physicaly active. In addition, glycemic load and cerea fiber
intake were positively related to carbohydrate and total fiber
intakes and inversely related to saturated fat, monounsaturated
fat, trans fat, acohol, and caffeine intakes. Glycemic load was
furthermore inversely related to polyunsaturated fat intake,
whereas cereal fiber intake was positively related to magnesium
intake.

Increasing glycemicindex wasstrongly associated with apro-
gressively higher risk of type 2 diabetes (Table 2). The age-
adjusted relativerisksacross quintiles 1-5 were 1.00, 1.13, 1.08,
1.31, and 1.79 (P for trend < 0.001). This association remained
strong after further adjustment for BMI, alcohol consumption,
smoking, family history of diabetes, and other covariates. Fur-
ther adjustment for intakes of cereal fiber, magnesium, caffeine,

and different fatty acids did not materially change this observa-
tion. In addition, glycemic index remained positively associated
with diabetesrisk after adjustment for total fiber instead of cereal
fiber (relative risk for extreme quintiles: 1.46; 95% CI: 1.12,
1.92; P for trend = 0.007). In an age-adjusted analysis, both
glycemic load and total carbohydrate intake were inversely as-
sociated with the risk of type 2 diabetes. This significant asso-
ciation disappeared after adjustment for BMI.

We observed a significant inverse association between total
dietary fiber intakeand risk of diabetes, but thiseffect waslargely
attenuated after multivariate adjustment (Table 3). Of the dif-
ferent sources of fiber, cereal fiber was most strongly associated
with decreased risk. The multivariate-adjusted relative risks
across quintiles were 1.00, 0.84, 0.86, 0.81, and 0.63 (P for
trend = 0.004). Adjustment for other sourcesof dietary fiber did
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TABLE 3
Adjusted relative risks (RRs) and 95% Cl's of type 2 diabetes according to quintiles of energy-adjusted fiber intake in 91 249 women
P for
Quintiles trend*
Variable 1 2 3 4 5
Total fiber (g/d)
Range <14.2 14.2-16.5 16.6-18.8 18.9-22.0 >22.0
Median 125 154 17.7 20.2 24.9
Cases 198 162 136 123 122
Person-years 142 664 144071 141 846 145110 142 609
RR?
Age-adjusted 1.00 0.77 (0.63, 0.95) 0.64 (0.51, 0.79) 0.55 (0.44, 0.68) 0.53(0.42,0.67) <0.001
Age- and BMI-adjusted 1.00 0.84(0.68, 1.03) 0.73(0.59, 0.91) 0.68 (0.54, 0.85) 0.78 (0.62, 0.98) 0.008
Multivariate adjusted® 1.00 0.94(0.76, 1.17) 0.87(0.68, 1.11) 0.84 (0.65, 1.10) 1.00 (0.75, 1.34) 0.80
Cereal fiber (g/d)
Range <3.8 3.84.7 4857 58-7.3 >7.3
Median 3.1 4.2 5.2 6.4 8.8
Cases 219 162 151 132 7
Person-years 145258 141933 139945 146 011 143153
RR?
Age-adjusted 1.00 0.71 (0.58, 0.87) 0.65 (0.53, 0.80) 0.54 (0.44, 0.68) 0.32(0.25,0.41) <0.001
Age- and BMI-adjusted 1.00 0.79 (0.65, 0.97) 0.78 (0.63, 0.96) 0.72 (0.58, 0.90) 0.54 (0.42, 0.70) <0.001
Multivariate adjusted® 1.00 0.84(0.69, 1.04) 0.86 (0.69, 1.07) 0.81 (0.64, 1.03) 0.63(0.47, 0.85) 0.004
Further adjustment for fiber® 1.00 0.85 (0.69, 1.05) 0.87 (0.69, 1.08) 0.82 (0.65, 1.04) 0.64 (0.48, 0.86) 0.004
Fruit fiber (g/d)
Range <1.6 1.6-24 2534 3548 >4.8
Median 11 2.0 29 4.1 6.2
Cases 198 171 133 123 116
Person-years 139954 145573 143 226 143 143 144 404
RR?
Age-adjusted 1.00 0.80 (0.65, 0.98) 0.61 (0.49, 0.76) 0.55(0.44, 0.69) 0.50 (0.40, 0.63) <0.001
Age- and BMI-adjusted 1.00 0.87(0.71, 1.07) 0.72(0.58, 0.89) 0.70 (0.56, 0.87) 0.70(0.56,0.88)  <0.001
Multivariate adjusted® 1.00 0.94 (0.76, 1.15) 0.81(0.64, 1.01) 0.79 (0.62, 1.00) 0.82 (0.63, 1.06) 0.086
Further adjustment for fiber* 1.00 0.93 (0.75-1.15) 0.80 (0.63-1.00) 0.77 (0.60-0.98) 0.79 (0.60-1.02) 0.040
Vegetable fiber (g/d)
Range <42 4.2-54 55-6.7 6.8-8.6 >8.6
Median 34 48 6.1 7.6 104
Cases 168 140 136 156 141
Person-years 141 420 145073 143149 143214 143 443
RR?
Age-adjusted 1.00 0.77 (0.62, 0.97) 0.73(0.58, 0.91) 0.82 (0.66, 1.02) 0.74(0.59, 0.92) 0.042
Age- and BMI-adjusted 1.00 0.84 (0.67, 1.05) 0.82 (0.66, 1.03) 0.94 (0.76, 1.17) 0.87 (0.69, 1.09) 0.50
Multivariate adjusted® 1.00 0.95(0.75, 1.19) 0.99 (0.78, 1.25) 1.16 (0.92, 1.46) 1.12 (0.87, 1.44) 0.175
Further adjustment for fiber* 1.00 0.97(0.77, 1.22) 1.01(0.80, 1.28) 1.19 (0.94, 1.51) 1.12 (0.87, 1.46) 0.192

1 Based on ordinal variable containing median value for each quintile.

295% Clsin parentheses.

3 Adjusted for age, BMI (9 categories), energy intake (quintiles), alcohol intake (0, 0.1-4.9, 5.0-9.9, =10 g/d), physical activity (quintiles), family history
of diabetes, smoking (never, past, or current), history of high blood pressure, history of high blood cholesterol, postmenopausal hormone use (never or ever),
oral contraceptive use (never, past, or current), glycemic load (quintiles), magnesium intake (quintiles), and caffeine intake (quintiles).

4 Multivariate model with additional adjustment for intake (quintiles) of other fiber types (cereal, fruit, or vegetable).

not change this observation. Fruit fiber was al so associated with
areduced risk after adjustment of multivariate models for other
sources of dietary fiber (P for trend = 0.040). No significant
associations were observed for vegetable fiber after adjustment
for potential confounders.

We also used a stratified analysis to assess whether the asso-
ciations with glycemic index, glycemic load, and total carbohy-
drateintakeweremodified by BMI, physical activity, and family
history of diabetes (Table 4). No maor modifications were ob-
served for BMI. Among women within the lower 2 quintiles of
activity scores, the multivariate-adjusted relative risks for extreme

quintileswere2.01for glycemicindex (95%Cl: 1.38,2.93) and 1.65
for glycemicload (95% ClI: 1.01, 2.70). Testsfor Stetistical interac-
tions were not significant (P = 0.38 and 0.48). In addition, among
women with no family history of diabetes, the relative risk across
extreme quintiles of glycemic load was 1.02 (95% ClI: 0.64, 1.63);
amongwomenwithafamily history of diabetes, therelativerisk was
2.04(95% Cl: 1.13, 3.66). Thetest for statistical interaction wasnot
significant (P = 0.59). Noeffect modificationwasobservedfor tota
carbohydrate intake.

We examined the joint effect of the glycemic index and the
cerea fiber intake by cross-classifying participants by both
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Adjusted relative risks (RRs) and 95% Cl's of type 2 diabetes according to quintiles of energy-adjusted glycemic index, glycemic load, and total
carbohydrate intake by baseline BMI, physical activity, and family history of diabetesin 91 249 women*

Quintiles
Variable 1 2 3 4 5
Glycemic index
BMI <27 (n = 114) 1.00 1.30(0.71, 2.37) 1.19(0.62, 2.25) 0.98 (0.49, 1.97) 1.69 (0.84, 3.40)
BMI =27 (n = 608) 1.00 1.17 (0.89, 1.54) 1.09 (0.81, 1.45) 1.31(0.98, 1.75) 1.50 (1.10, 2.05)
Low physical activity (n = 421) 1.00 1.30(0.91, 1.84) 1.09 (0.75, 1.59) 1.26 (0.87, 1.84) 2.01(1.38,2.93)
High physical activity (n = 320) 1.00 1.00(0.70, 1.43) 1.04(0.72, 1.50) 1.30(0.90, 1.89) 1.08 (0.70, 1.66)
No family history of diabetes (n = 459) 1.00 1.33(0.97, 1.83) 1.04 (0.73, 1.46) 1.46 (1.04, 2.05) 1.69 (1.18, 2.43)
Family history of diabetes (n = 282) 1.00 0.91(0.61, 1.35) 1.15(0.77,1.70) 1.05 (0.69, 1.62) 1.50(0.97,2.32)
Glycemic load
BMI <27 (n = 114) 1.00 1.38(0.74, 2.56) 1.37 (0.68, 2.77) 1.24 (056, 2.76) 1.38(0.55, 3.48)
BMI =27 (n = 608) 1.00 1.25(0.99, 1.59) 1.16 (0.87, 1.55) 1.10(0.79, 1.54) 1.29(0.86, 1.93)
Low physical activity (n = 421) 1.00 1.38(1.04, 1.84) 1.38(0.98, 1.96) 1.27(0.84, 1.91) 1.65(1.01, 2.70)
High physical activity (n = 320) 1.00 1.19 (0.84, 1.68) 0.98 (0.65, 1.48) 0.98 (0.62, 1.54) 1.01 (0.58, 1.75)
No family history of diabetes (n = 459) 1.00 1.11 (0.84, 1.48) 1.16 (0.83, 1.61) 1.01 (0.69, 1.48) 1.02 (0.64, 1.63)
Family history of diabetes (n = 282) 1.00 1.66 (1.16, 2.36) 1.23(0.79, 1.92) 1.40(0.85, 2.31) 2.04 (1.13, 3.66)
Total carbohydrates
BMI <27 (n = 114) 1.00 1.04 (0.55, 1.97) 1.44 (0.71, 2.91) 1.31(0.57, 2.99) 0.78(0.29, 2.11)
BMI =27 (n = 608) 1.00 1.12(0.88, 1.44) 1.02 (0.75,1.37) 0.98(0.69, 1.39) 0.94 (0.60, 1.46)
Low physical activity (n = 421) 1.00 1.14 (0.85, 1.52) 1.11 (0.78, 1.58) 1.13(0.74, 1.73) 0.96 (0.55, 1.66)
High physical activity (n = 320) 1.00 1.00(0.70, 1.43) 0.96 (0.63, 1.46) 0.87 (0.54, 1.40) 0.81(0.45, 1.45)
No family history of diabetes (n = 459) 1.00 1.00(0.75, 1.34) 0.95 (0.67, 1.34) 1.00 (0.67, 1.49) 0.81(0.49, 1.34)
Family history of diabetes (n = 282) 1.00 1.26 (0.88, 1.80) 1.22(0.79, 1.88) 0.99 (0.59, 1.68) 1.02 (0.53, 1.95)

1 Valueswereadjusted for age, energy intake (quintiles), alcohol intake (0, 0.1-4.9, 5.0-9.9, or =10 g/d), smoking (never, past, or current), history of high
blood pressure, history of high blood cholesterol, postmenopausal hormone use (never or ever), oral contraceptive use (never, past, or current), and intake
(quintiles) of cereal fiber, magnesium, caffeine, and saturated, monounsaturated, polyunsaturated, and transfatty acids. RRsand 95% Clsfor BMI stratawere
additionally adjusted for family history of diabetes, BMI (continuous), and physical activity (quintiles); those for physical activity strata were additionally
adjusted for family history of diabetes, BMI (9 categories), and physical activity (continuous); and thosefor family history of diabeteswereadditionally adjusted
for BMI (9 categories) and physical activity (quintiles). Analysisof BMI stratawas|imited to 88 710 women because of missing values. Low physical activity =
lower 2 quintilesof activity level; high physical activity = upper 3 quintilesof activity level. Testsfor interaction (based on ordinal variables containing median

values for each quintile and dichotomized variables for strata) were all nonsignificant (P > 0.05).

variables (Figure 1). Therelative risk for the combination of a
high glycemicindex and alow cered fiber intake compared with
theoppositeextremewas1.75 (95% Cl: 1.22, 2.52). Thepositive
association between glycemic index and diabetes was more ev-
ident among those with a lower intake of cereal fiber, and the
benefit of cereal fiber was more evident among those with high-
glycemic-index diets. Thetest of interactionwassignificant (P =
0.004).

DISCUSSION

Inthis8-y follow-up study of 91 249 femal e nurses, wefound
apositive association between glycemic index and risk of type 2
diabetes, independent of known risk factors such as other mea-
sured dietary variables. The 59% increase in risk observed in the
highest quintile compared with the lowest quintile was somewhat
higher than the associationsfor other dietary risk factorspreviousy
observed, particularly transfatty acids and theratio of polyunsatu-
rated to saturated fat intake (8). In addition, high intakes of cered
and fruit fiber were associated with alower risk of diabetes.

Although the exact mechanisms by which high-glycemic-
index diets may alter the risk of type 2 diabetes are unclear, 2
major pathways have been proposed (14, 15). First, the same
amount of carbohydrates from high-glycemic-index foods, by
definition, produce higher blood glucose concentrations and a
greater insulin demand than do low-glycemic index foods. It is

possible that chronically increased insulin demand results in
pancreatic exhaustion that can result in glucose intolerance (15).
Second, high-glycemic-index dietsmay directly increaseinsulin
resistance. Inanimal studies, dietshighinamylopectinor glucose
produced more rapid and severe insulin resistance than did
amylose-based diets (16, 17). In a4-wk study of 32 patientswith
advanced coronary heart disease, insulin-stimulated glucose up-
takeinisolated adipocytes harvested from apresternal fat biopsy
samplewassignificantly greater after alow-glycemic-index diet
(18). Similarly, a 3-wk trial in 28 premenopausal women ob-
served improved insulin sensitivity (on the basis of a short glu-
cosetolerancetest) with alow-glycemic-index diet (19). A 4-mo
trial in 34 subjects with impaired glucose tolerance observed
lower plasma glucose and free fatty acid concentrations with a
high-carbohydrate, low-glycemic-index diet than with a high-
carbohydrate, high-glycemic-index diet (44).

Our datawere broadly consistent with those observed among
older participants in the Nurses' Health Study | (20) and the
Health Professionals Follow-Up Study (21). The relative risks
comparing extreme quintiles of glycemic index were 1.37 (95%
Cl: 1.09, 1.71; P for trend = 0.005) in the Nurses' Health Study
| and 1.37 (95% CI: 1.02, 1.83; P for trend = 0.03) in the Health
Professional s Follow-Up Study. In contrast, no associations be-
tween glycemic index and risk of diabetes were observed in the
lowa Women's Health Study (22) and the ARIC Study (23).
However, neither study collected repeated measurements of diet
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FIGURE 1. Relativerisk of type 2 diabetesby different levelsof cereal fiber intake and glycemicindex. P for interaction = 0.004. Testsfor interaction were

based on ordinal variables containing median values for each tertile.

that might have led to an underestimation of the effect size (43).
In addition, the questionnaire used in the ARIC Study was a
shorter version of the Nurses' Health Study | questionnaire that
did not address carbohydrate quality in detail (35). Also, the
diagnosis of diabetes in the lowa Women's Health Study was
based entirely on self-report (22), and the ARIC Study did not
distinguish type 1 and type 2 diabetes (23). Misclassification of
either exposure or disease status might, therefore, haveled to an
underestimation of the association between glycemic index and
diabetes in these studies (45). A high glycemic load was related
to a more health conscious lifestyle in our cohort, whereas the
opposite was observed for the glycemic index. In contrast with
our study, glycemic index and load were associated with lower
physica activity and higher BMI in the Nurses' Health Study |

(20) and the Health Professionals Follow-Up Study (21). A
health-consciousdiet and lifestylewould tend to negatively con-
found the association for glycemicload, which might explainthe
lack of association observed in the overall cohort in our study in
contrast with the positive association observed in the Nurses

Health Study | (20).

Previous studies have not presented an analysis stratified by
BMI, physical activity, or family history of diabetes. The indi-
vidual responseto agiven carbohydrateload isinfluenced by the
degree of underlying insulin resistance. Physical activity
strongly influences glucosetolerance and insulin sensitivity (46)
and is a strong predictor of reduced diabetes risk in epidemio-
logic studies (39, 40, 47, 48). Similarly, a family history of
diabetes has been identified to be astrong risk factor for diabetes
(49) and insulin resistance, independent of BMI (50-52). Thus,
it is expected that the effects of high-glycemic-index foods are
stronger in obese, sedentary, and genetically susceptible persons
(15). Although the effects of glycemicindex and |oad seemed to
be more pronounced among sedentary persons and personswith
afamily history of diabetesin our study, testsfor interactionwere
not significant. Also, obesity did not significantly modify the
effect of glycemic index and load in our study, but our analyses

of these effect modifications were limited by arelatively small
number of cases.

It isnot clear why cereal fiber exerts stronger inverse associ-
ationsthan do other sourcesof fiber. Viscousfibersseemto affect
gastric emptying rate and absorption in the small intestine (53—
56). Similarly, viscousfiberswere found to have effects on post-
prandial glycemic responseto high-carbohydratetest meals(53).
In contrast, insoluble fiber but not soluble fiber, was found to be
inversely associated with diabetesrisk in previous cohort studies
(22,57). Although cereal productsfrom oat, barley, and psyllium
are highin soluble fiber, major sources of solublefiber are fruit,
vegetables, nuts, legumes, and seeds. Whole-grain and bran
productsfrom wheat and corn, the major source of cereal fiber in
our cohort (58), typically containinsolublefiber. Despitethelack
of an obvious mechanism for the benefits of cereal fiber in pre-
venting diabetes, in al 5 prospective cohort studies that exam-
ined associ ations between different typesof dietary fiber and risk
of type 2 diabetes, cereal fiber appeared to be most strongly
inversely associated with risk (20-23, 57). Theintake of cerea
fiber in our cohort (energy-adjusted median intakein third quin-
tile: 5.2 g/d) was higher than the intake in older nurses in the
Nurse's Health Study | (3.7 g/d) but was similar to that in the
older women in the lowa Women’'s Health Study (4.9 g/d). Be-
causetrials of the effects of high-fiber cereal foods and markers
of blood glucose control have provided conflicting results (59,
60), it is possible that the consistent effects of cerea fiber ob-
served in observational studies are dueto residual confounding.
We adjusted for glycemic load, magnesium intake, and lifestyle
characteristicsin our analysis, which had aminimal effect onthe
observed associations. Thus, it is unlikely that the effects of
cereal fiber can be explained by residual confounding.

Several limitations apply to our study. Although the validity
andreliability of FFQssimilar tothoseusedintheNurses’ Health
Study 11 have been evaluated in smilar cohort studies of US hedlth
professionas (31-34), we did not validate the questionnaire in our
study population but rather assumed that the vaidation data from
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these other studies applied to our sample. Because these validation
studieswerecarried outinmenand ol der women, thevalidation data
may not haveactually applied to our sample. A direct comparison of
risk estimates across studies needs to be done cautioudly.

Furthermore, errorsin the measurement of dietary intake (eg,
errors resulting from the limited quality of available food-
composition data, particularly with regard to carbohydrates and
dietary fiber, and by random error) may have limited our ability
to obtain accurate risk estimates.

Concerns have aso been raised about the application of the
glycemic index to mixed meals, because other aspects of diet
might lead to varying glucose and insulin responses. However,
studies showed that the glycemic index of a mixed meal can be
predicted consistently as the weighted average of the glycemic
index values of each of the component foods, weighted by their
relative contribution to total carbohydrates (61-63). In addition,
although fat and protein affect the absolute glycemic response,
they do not affect therel ative differencesbetween foods (64, 65).
Furthermore, studies using standardized techniques have found
excellent correlations between observed glycemic index values
of mixed meals and the calculated values based on individual
component foods (61-63). Moreover, metabolic studiesin hyper-
lipidemic (66, 67), diabetic (68—71), and healthy persons(72) have
shown adverse metabolic effects of high-glycemicindex diets, par-
ticularly elevatedtriacylglycerol concentrations. Theseeffectswere
replicated in apparently heslthy postmenopausal women in the
Nurses Hedlth Study | (36) by using adietary questionnairesimilar
to the one used in our study. This suggests aphysiologic relevance
of the estimated average glycemic index and load in our study,
athough this has not been shown in hedlthy young women. Al-
though our FFQ was not initialy designed to pick up differencesin
the glycemic index of foods, it was designed to explain variancein
the quantity and qudlity of carbohydrate intake (35). Correlations
between similar questionnaires and diet records were found to be
high for both total carbohydrates and fiber (31). Because the cal cu-
lated glycemic index represents an average over al food items,
weighed by their contribution to total carbohydrate intake, the de-
sign of the questionnaire should have ensured a relative accurate
estimation of glycemic index.

Misclassification of disease status should not have biased our
observations. We previously reported that our case definition,
which was based on self-reports on an extended questionnaire, is
highly accurate compared with medical records (39, 40). Given
the resulting high specificity of the classification, the remaining
misclassification (nonidentified cases) should not have biased
our results (73). We did not directly validate the case definition
in our cohort, but assumed that women participating in the
Nurses' Health Study |1 are similar with respect to the validity of
self-reportscompared withtheNurses' Health Study |. However,
our results were very similar to those reported from the Nurses
Health Study | (20), and consistent associations were observed
for alcohol intakeand therisk of diabetesin both cohorts (74, 75),
which supports this assumption.

In conclusion, our findings support the hypothesis that diets
with ahigh glycemic index and low in cereal fiber increase the
risk of type 2 diabetes, particularly in women with a sedentary
lifestyle and afamily history of diabetes. This study reinforces
theimportance of the quality of carbohydrates consumed in pre-
venting type 2 diabetes. ¢ ]
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