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ABSTRACT
Background: Reduced rank regression (RRR) has been used to
derive dietary pattern scores that predict linear combinations of
disease biomarkers. The generalizability of these patterns to inde-
pendent populations remains unknown.
Objective: The goal was to examine the generalizability of dietary
patterns from the following prior studies using RRR to predict type
2 diabetes mellitus (T2DM): the Nurses’ Health Study (NHS), Eu-
ropean Prospective Investigation into Cancer and Nutrition Ger-
many (EPIC), and Whitehall II Study (WS).
Design: The relative weights of food groups of each dietary pattern
were used to generate each dietary pattern score in the Framingham
Offspring Study (n = 2879). Each of the external scores (confirma-
tory scores) was examined to determine whether it could predict
incident T2DM during 7 y of follow-up as well as scores developed
internally in the Framingham Offspring Study using a Cox-
proportional hazard model adjusted for T2DM risk factors.
Results: Intakes of meat products, refined grains, and soft drinks
(caloric and noncaloric) were found to be common predictive com-
ponents of all confirmatory scores, but fried foods, eggs, and alco-
holic beverages were predictive in some, but not in all, confirmatory
scores. On the basis of a continuous increase in the score by 1 SD,
the NHS-based confirmatory score predicted T2DM risk (hazard
ratio: 1.44; 95% CI: 1.25, 1.66). However, T2DM risk was only
weakly predicted by the EPIC-based score (hazard ratio: 1.14;
95% CI: 0.99, 1.32) and the WS-based score (hazard ratio: 1.16;
95% CI: 1.00, 1.35).
Conclusions: The study suggested that dietary patterns that predict
T2DM risk in different populations may not be generalizable to
different populations. Additional dietary pattern studies should be
conducted with regard to generalizability. Am J Clin Nutr
2009;90:1075–83.

INTRODUCTION

Reduced rank regression (RRR) has been increasingly applied
in nutritional epidemiology as one approach for dietary pattern
analyses (1, 2). This technique is a dimension reduction technique
modeling linear combinations of predictor variables, in our case
food groups, that explain the maximum variation in a set of
response variables, typically intermediate metabolic biomarkers
of disease outcomes. The resulting linear combination of pre-
dictor variables is subsequently related directly to the disease
outcome of interest. Because dietary patterns are derived with
reference to disease risk factors, the approach has an etiologic
advantage over other dietary pattern methods, such as principal

component analysis and dietary indexes, that is either totally
data-derived without reference to disease risk or based on prior
knowledge not specific to disease outcomes (2).

Past studies have used RRR to derive dietary patterns to predict
variation of biomarkers such as inflammatory biomarkers,
homocysteine, lipoproteins, glycated proteins, and markers re-
lated to glucose homeostasis (2–7). Although there is a growing
number of studies using pattern-deriving exploratory RRR, ev-
idence of the generalizability of these derived patterns is limited.
This lack of evidence can be addressed by pattern-testing con-
firmatory RRR in which established dietary patterns are applied
to other independent populations. Therefore, with the use of the
Framingham Offspring Study (FOS) cohort as the independent
cohort, we conducted confirmatory RRR to test the generaliz-
ability of 3 published RRR-derived dietary patterns associated
with incidence of type 2 diabetes mellitus (T2DM) (5–7). We
also conducted exploratory RRR to derive dietary patterns from
the FOS dietary data for comparison with the established
patterns.

SUBJECTS AND METHODS

Study population

The FOS is community-based, prospective, observational
study initiated in 1971 among the offspring of the original
participants of the Framingham Heart Study (8, 9). During the
fifth examination cycle (1991–1995) of the FOS (the baseline
visit for these analyses), 3799 participants underwent a stan-
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dardized medical examination. Participants were followed up for
7 y on average from baseline to the sixth (1995–1998) and
seventh (1998–2001) examinations.

To derive dietary pattern scores from external cohorts, pub-
lications before August 2008 were searched for the terms reduced
rank regression and type 2 diabetes. Three prospective cohort
studies of RRR-derived dietary patterns related to incident
T2DM were identified: the Nurses’ Health Study (NHS) in the
United States (5), European Prospective Investigation into
Cancer and Nutrition Potsdam Study (EPIC) in Germany (6),
and Whitehall II Study (WS) in the United Kingdom (7).

Dietary and outcome variables

At the fifth examination, dietary assessment was implemented
to measure habitual dietary consumption during the previous year
with a 126-item semiquantitative food-frequency questionnaire
(FFQ) (10, 11). Participants were asked to choose from 1 of 9
categories to indicate how often, on average, they had consumed
given amounts of various specified foods during the past year. The
external reproducibility and validity of food consumption, nu-
trient intakes and dietary patterns are described elsewhere (11–
14).

In this longitudinal setting, follow-up time of each individual
was determined by exact dates of the baseline and either the sixth
or seventh examination, depending on whether T2DM onset was
before the sixth or seventh examination and availability of the
follow-up data. T2DM in the present analysis was defined as oral
hypoglycemic drug or insulin use or a fasting glucose concen-
tration of �126 mg/dL (�7.0 mmol/L) at the time of the ex-
aminations. The cases developing T2DM between the sixth and
seventh examinations showed no missing information to ascer-
tain T2DM at the sixth examination. Sensitivity analyses sim-
ulating time of T2DM onset and follow-up duration indicated
little bias due to potential misclassification (data not shown).

Exclusion criteria

We excluded 193 individuals without follow-up information
and 298 individuals who had been diagnosed with T2DM at
baseline. We excluded 381 individuals because their estimated
daily caloric intake was ,600 kcal/d (2.51 MJ/d), �4000 kcal/d
for women, �4200 kcal/d for men, or had �12 items left blank
on their FFQ (15). We excluded additional individuals (n = 48)
without data on the following covariates: body mass index
(BMI; in kg/m2), weight change during follow-up, HDL cho-
lesterol, systolic or diastolic blood pressure, and a fasting glu-
cose concentration. Using the available data from 2879
participants, we conducted complete-case analyses for the sake
of simplicity. Imputation for the missing variables showed no
appreciable difference in main results and in precision estimates
of interests.

Statistical analyses

Population characteristics

Population characteristics of the FOSwere described by means
and SDs for continuous variables and percentages for categorical
variables. The characteristics of the 3 external cohorts providing
RRR-derived dietary patterns were described from their previous

reports (5–7, 14, 16–19). With the use of the descriptive statistics,
proportions of categorical variables (sex, smoking, and race-
ethnicity status) and means of continuous variables (age, energy
intake, and alcohol consumption) were compared between the
FOS and each of the other cohorts by chi-square tests and in-
dependent t tests, respectively. The study characteristics of di-
etary assessment methods were also described.

Confirmatory dietary pattern scores

Three dietary pattern scores were derived by using the FOS
dietary data with reference to previous RRR studies from the
NHS (5, 14), EPIC (6, 17), and WS (7, 19). Two types of in-
formation were retrieved from each cohort: food grouping and
contribution of each food group to each RRR-derived dietary
pattern, and then they were applied to the FOS data. First,
because each study used unique food grouping from a different
FFQ (5–7, 14, 17, 19), we applied each food grouping to the
FOS dietary data as closely as possible and created 3 different
sets of food groups. Details of the food groupings are presented
in our Supplemental Section I under “Supplemental data” in the
online issue. Second, multivariate regression analyses were
performed to obtain residuals of food group variables adjusted
for caloric intake (quintiles), age (,50, 50–64, or �65 y), sex,
parental history of diabetes (yes or no), and hypertension
treatment (yes or no) to reduce potential bias from the de-
pendency of food groups on caloric intake and the other non-
dietary factors in the FOS population. Other factors, including
physical activity and multivitamin use, did not alter the results.
The same approach was taken in the past studies, and no dif-
ference in results was stated (5–7). Third, the residuals were
standardized to variables with the mean equal to zero and the
SD equal to 1; this step is embedded in the RRR procedure.
Fourth, the sum of the products of the food group variable and
dietary pattern coefficients were calculated and considered as
confirmatory dietary pattern scores. As the dietary pattern
coefficients, Pearson correlation coefficients were used for the
NHS-based scores, because the original NHS study presented
the Pearson correlation coefficients representing contributions
of food groups to the NHS dietary pattern (5). For EPIC- and
WS-based dietary patterns, factor loading values were used as
the dietary pattern coefficients, because the EPIC and WS re-
ported the factor loading values (6, 7). Either use of Pearson
correlation coefficients or factor loading values did not alter
our conclusions, because they were equivalent with different
scales (see Supplemental Section II under “Supplemental data”
in the online issue).

Exploratory dietary pattern scores

Because the predictability of incident T2DM could be influ-
enced solely by manners of food groupings, we additionally
performed 3 RRR analyses within the FOS cohort (exploratory
analyses in which each food grouping of the NHS, EPIC, and
WS cohorts was applied. The exploratory and confirmatory
analyses allowed together the comparison between internally
and externally derived scores in the predictability of incident
T2DM given the same manner of food grouping. In the FOS
cohort, RRR was used to fit multiple risk factors for T2DM to
food group variables. From each fitted model of the 3 RRR
analyses, the exploratory dietary pattern score was derived. The
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scoring coefficients derived from each RRR analysis are pro-
vided in the online Supplement Section I under “Supplemental
data” in the online issue.

The response variables of the exploratory RRR were risk
factors for T2DM in the FOS cohort (20): BMI, fasting glucose
concentration, triglyceride concentration, HDL-cholesterol con-
centration, and hypertension (based on elevated systolic and/
or diastolic blood pressure or hypertension treatment). Because
RRR analysis generally uses continuous variables, hypertension
was replaced with residuals of systolic and diastolic blood
pressure variables after being regressed on hypertension treat-
ment. The contribution of each food group to each exploratory
score was expressed by Pearson correlation coefficients (NHS-
based exploratory score) or factor loading values (EPIC- andWS-
based scores), so that the statistics could be comparable with the
reports from the external cohorts.

Prediction of T2DM risk

Each of the confirmatory and exploratory scores was tested for
prediction of T2DM incidence. After categorizing the FOS
population into 4 groups by quartiles of each score, Cox-
proportional hazard regression model was used to estimate
hazard ratios (HRs) with the first quartile category of each score
as a reference category. Ties of failure and censoring times were
handled by Efron adjustment to yield valid parameter estimates
(21). The regression analyses were performed with and without
the following covariates: sex, age (,50, 50–64, or �65 y), pa-
rental history of T2DM (yes or no), and blood pressure treatment
(yes or no) and weight change (quintiles). Caloric intake
(quintiles) was also included in the model to allow for an iso-
caloric interpretation (22). Other variables, such as smoking
status, menopausal status for women, multivitamin use, and
physical activity were not included in the model because they
had little influence on prediction of T2DM risk as confounders.
The regression analysis was also performed by including each of
the scores as a continuous variable, where one unit change of
each score corresponded to 1 SD of the study population.

Furthermore, we calculated the ratio of HR based on confir-
matory analysis to HR based on exploratory analysis (HRc/HRe)
(23). This measure addressed the question of whether the pre-
diction of T2DM risk was different between the confirmatory and
exploratory dietary pattern scores. We additionally performed
permutation analysis (20,000 samples) to derive P values ad-
justed for multiple testing for HRc/HRe to examine the gener-
alizability of the 3 dietary patterns of the NHS, EPIC, and WS
cohorts (24, 25). By the same permutation analysis, we also
computed P values to draw simultaneous inference based on �2
null hypotheses of the ratios of the HRs.

Stratified analyses were performed to assess the sensitivity of
the findings to different strata of age (,54 y of age or not), sex,
and dichotomy of the 6 response variables. Also, exploratory
analyses were repeated 6 times, excluding 1 of 6 response var-
iables in RRR in each repeat. This demonstrated the robustness
of the predictability of T2DM risk with respect to the selection
of biomarkers in our exploratory RRR analyses (6). The details of
these analyses are presented in the supplementary section III
under “Supplemental data” in the online issue. All statistical
analyses were performed by using SAS version 9.13. P values
were based on 2-sided tests.

RESULTS

Characteristics of the 4 cohorts are presented in Table 1: the
FOS as the main cohort for this study and the other 3 reporting
RRR-derived dietary patterns previously. The NHS and EPIC
had nested-case-control designs. The proportions of men and
whites and the mean age of the FOS were statistically signifi-
cantly different from those of the NHS and WS populations (P ,
0.0001), but not from the EPIC populations (P . 0.05). Mean
differences in BMI, energy intake, and alcohol consumption and
the proportion of smokers were statistically significantly dif-
ferent between the FOS and each of the 3 cohorts (P , 0.0001).
Compared with the FOS population, the NHS participants
showed less smoking prevalence, energy intake, and alcohol
drinking, but higher BMI. The EPIC population showed higher
smoking prevalence, higher BMI, higher energy intake, and
higher alcohol intake than the FOS population. The WS pop-
ulation was younger, smoked less, and was less obese, but had
higher energy and alcohol intakes than the FOS cohort. Hy-
pertension status and family history were not comparable be-
cause of different definitions for ascertainment.

Differences in study characteristics are also presented in Table
1: dietary assessment, food grouping, and response variables used
in RRR analyses. The 3 external cohorts and the FOS had dif-
ferent response variables. The NHS used biomarkers of in-
flammation, the EPIC used biomarkers of lipid and glucose
homeostasis and inflammation, and the WS used biomarkers of
glucose homeostasis. In the FOS, biomarkers of lipid and glucose
homeostasis and measures of blood pressure and adiposity were
selected. There was no common response variable in the FOS and
the NHS, whereas the FOS and the EPIC or WS used at least one
common response variable.

Correlations of selected food groups with the dietary pattern
scores assessed by Pearson correlation coefficients (NHS) or
factor loadings (EPIC and WS) are presented in the Table 2.
They are arranged by major categories (vegetables, fruit, meat,
dairy products, grains, beverages, and others) and represent ei-
ther those having high contributions or those previously reported
to be associated with T2DM risk, such as nuts and dairy prod-
ucts (26). All 3 exploratory scores had similar positive con-
tributions (ie, indication of greater risk) by food groups: meat,
processed meat, eggs, margarine, fried products, refined grain,
and caloric and noncaloric soft drinks. However, the negative
contributors varied substantially from one score to the next, with
few exceptions of tea and whole-grain consumption. There was
also good agreement between the exploratory and confirmatory
RRR scores for NHS food groupings, although the original NHS
report presented only selected food groups. There was less
agreement between the exploratory and confirmatory dietary
scores for the EPIC and WS food groupings. The contributions
also differed to some extent for margarine, pizza, fruit juice, oil
and vinegar salad dressing, garlic, dark-yellow vegetables, and
alcoholic beverages.

Pearson correlation coefficients among the dietary different
dietary pattern scores and those between the scores and response
variables showed large variability (Table 3). Three scores based
on exploratory RRR correlated well (r . 0.7), with only dif-
ferences in food grouping. The correlation between the confir-
matory and exploratory scores based on NHS food grouping was
high (r = 0.63) relative to the other pairs based on EPIC or WS
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food groups (0.12 and 0.27, respectively). The 3 confirmatory
scores were poorly correlated (r , 0.3). None of exploratory or
confirmatory pattern scores were highly correlated with the re-
sponse variables used for the exploratory RRR analyses. The
strongest correlations were observed between the exploratory
scores and BMI (r = 0.24–0.28) and HDL cholesterol (r =20.12
to 20.23). The scores derived from confirmatory analyses were
less correlated with the response variables.

Multivariate HRs (95% CIs) for T2DM were 1.58 (1.37, 1.83)
and 1.44 (1.25, 1.66) according to continuous increase by 1 SD of
exploratory and confirmatory scores using NHS food groups,
respectively; 1.60 (1.39, 1.83) and 1.14 (0.99, 1.32) for the EPIC
food groups; and 1.60 (1.39, 1.83) and 1.16 (1.00, 1.35) for the
WS food groups (Table 4). The ratios of the confirmatory and
exploratory HRs were statistically significantly different from
1.0 for analyses based on EPIC (HRc/HRe: 0.76; 95% CI: 0.64,
0.90) and WS (HRc/HRe: 0.75; 95% CI: 0.62, 0.90) (P = 0.027
and 0.021, respectively, adjusted for multiple testing). This
concomitant observation of rejecting the 2 hypotheses was sta-
tistically significant (P = 0.0016) according to permutation
analysis involving 20,000-times iteration. The exploratory and
confirmatory scores based on the NHS were not significantly

different in predication of incident T2DM (HRc/HRe: 0.91; 95%
CI: 0.82, 1.01; P = 0.16 adjusted for multiple testing) (Table 5).

DISCUSSION

We examined whether T2DM risk in the FOS could be pre-
dicted from dietary patterns originating from 3 external cohort
studies: NHS (5), EPIC-Potsdam Study (6), and WS (7). The
dietary pattern derived from the NHS score was as predictive of
T2DM risk as was the dietary pattern derived from the FOS
cohort itself. However, the dietary patterns derived from the EPIC
and WS were significantly less predictive. Regarding the con-
sistency and inconsistency of the predictive capability of T2DM
risk within the FOS population, the finding suggest that the
T2DM-related dietary pattern of the NHS population was gen-
eralizable to the FOS population and that those of the EPIC and
WS populations were not generalizable to the FOS population.
The study indicates that overall diet related to T2DM risk can be
different across population.

More consistency across dietary patterns was observed for
those food groups that were positive contributors to the dietary
scores (ie, food groups that were associated with greater risk of

TABLE 1

Population characteristics of the Framingham Offspring Study and the 3 cohorts conducting dietary pattern analyses by using reduced rank regression (RRR)

for type 2 diabetes mellitus (T2DM) risk prediction1

Framingham

Offspring Study

NHS2 EPIC Study2

Whitehall II

Study2Cases Controls Cases Controls

Subject characteristics3

No. of subjects 2879 656 694 192 382 7339

Men (%) 54.5 0 0 58.9 58.9 69.6

White (%) ’100 94.6 94.6 ’100 ’100 90.4

Age (y) 54.2 6 9.74 56.3 6 6.9 56.2 6 6.9 55.5 6 6.8 55.5 6 6.8 49.5 6 8.6

Current smoking (%)3 18.6 13.4 13.2 19.8 20.7 13.5

Total energy (kcal/d) 1871 6 621 1817 6 561 1769 6 512 2211 6 727 2177 6 652 2160 6 661

BMI (kg/m2)3 27.1 6 4.7 30.2 6 5.6 26.1 6 5.1 30.8 6 4.8 26.7 6 3.6 25.3 6 3.4

Hypertension (%)5 19.8 — — 78.8 51.7 16.7

Family history of T2DM (%)6 17.2 47.6 20.8 — — —

Alcohol (g/d)3 10.7 6 16.2 3.7 6 7.1 6.4 6 9.0 18.5 6 28.2 16.1 6 16.4 12.1 6 17.1

Study characteristcs7

Years of FFQ collection 1991–1995 1986 and 1990 1994–1998 1985–1988

No. of items on the FFQ 126 131 148 127

No. of food groups7 — 39 48 71

RRR response variables BMI, glucose, HDL,

triglycerides, systolic and

diastolic blood pressures

Inflammatory cytokines8 HDL cholesterol,

glycated hemoglobin,

C-reactive protein,

adiponectin

Homeostasis

model assessment

of insulin resistance

1 Values for the external cohorts were retrieved from previous publications (5–7, 14, 16–19). NHS, Nurses’ Health Study; EPIC, European Prospective

Investigation into Cancer Potsdam Study; FFQ, food-frequency questionnaire.
2 The NHS and EPIC had a prospective nested case-control design (5, 6), whereas the Framingham Offspring Study (FOS) and the Whitehall II Study

(WS) had a prospective cohort design (7, 8). The NHS applied matching by year of birth, date of blood draw, race-ethnicity, and time of the blood draw. EPIC

applied matching by age.
3 The statistics of the FOS were different from those of the 3 cohorts (P , 0.0001) according to a chi-square test for categorical variables and an

independent t test for continuous variables. Proportions of men and whites and the mean age of the FOS were different from those of the NHS and WS cohorts

(P , 0.0001) but not from those of the EPIC cohort (P . 0.05).
4 Mean 6 SD (all such values).
5 On the basis of self-report of prior diagnosis or hypertension treatment in EPIC and systolic blood pressure .140 mm Hg or diastolic blood pressure

.90 mm Hg in the WS and FOS. With the definition used in the EPIC, 30.4% of the FOS population had hypertension.
6 Parental history for the FOS cohort and family history of first-order relatives of the NHS cohort.
7 All studies used FFQs. The NHS had repeated measurements at the 2 time points and took the average of each food group, whereas the other studies had

single measurements. The FOS applied all 3 food groupings reported in the 3 external studies.
8 Tumor necrosis factor a receptor 2, interleukin-6, C-reactive protein, E-selectin, and intracellular and vascular cell adhesion molecules.
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TABLE 2

Pearson correlation coefficients or factor loadings for contributions of food groups to dietary pattern scores reported from 3 cohort studies and derived from

reduced rank regression (RRR) analyses in the Framingham Offspring Study cohort 1991–2001 (n = 2879)1

Food group

NHS EPIC Study Whitehall II Study

Explore2 Confirm3 Explore2 Confirm3 Explore2 Confirm3

Vegetables

Cooked vegetables4 20.02 0.12

Raw vegetables 0.01 20.03

Dark-yellow vegetables5 20.20 20.21 20.17 0.03

Green leafy vegetables4 20.22

Green salad, tomatoes 20.10 20.04

Spinach, kale 20.07 0.09

Cruciferous vegetables4 20.10 20.21

Cabbage, Brussels sprouts, cauliflower 20.13 0.05

Broccoli 20.11 20.13

Garlic 20.12 20.11 0.10 20.07 0.25

Fruit

Fruit4 20.08 20.09 0.09

Dried fruit (raisins) 20.20 20.15

Meat, eggs, nuts

Red meats 0.28 0.26 0.36 0.19 0.15

Eggs 0.16 0.15 0.18 0.17 0.02

Nuts 20.08 20.08 0.04 0.08 20.03

Processed meats4 0.21 0.39 0.20 0.26 0.17 0.12

Beef burgers and sausages 0.25 0.22

Dairy products5

Margarine 0.27 0.24 0.01 0.19 0.04

Polyunsaturated margarine 20.10

High-fat dairy 20.11 20.14 0.08 20.10 0.09

Low-fat dairy 0.08 0.05 0.00 0.02 0.07

High-fat cheese 0.06 0.08 0.06 20.07

Low-fat cheese 0.01 20.01 0.02 20.04

Yogurt 20.16 20.13

Grain products

Refined grains 0.26 0.46 0.21 0.24 0.22 0.20

Whole grains4 20.22 20.13 20.13 20.11 20.05

Pasta, rice (whole or refined) 20.04 0.03

Pasta (whole or refined) 20.05 20.16

Rice (whole or refined) 20.03 0.18

Beverages

Low-calorie soft drinks 0.45 0.42 0.07 0.39 0.27

Caloric soft drinks 0.20 0.47 0.18 0.27 0.14 0.23

Fruit juice 20.10 20.09 0.09 20.15 20.03

Wine 20.44 20.43 20.40 20.08

Beer 20.32 20.29 0.35

Other alcoholic beverages 20.24 20.22 0.18

Coffee 20.16 20.29 20.10 20.10 20.08 20.10

Tea 20.12 20.11 20.13 20.15 20.11

Other groups

French fries 0.22 0.20 0.15 0.19 0.13

Fried foods 0.29 0.24 0.19

Snacks 20.05 20.04 20.01 0.09 0.22

Pizza 0.25 0.23 0.04 0.21 20.07

Oil and vinegar dressing 20.12 20.11 0.06 20.05 20.21

Jams, honey, marmalade 0.01 20.13 20.16 20.07 20.21

1 Pearson correlation coefficients are presented for the scores based on the Nurses’ Health Study (NHS). Factor loadings are presented for the scores

based on European Prospective Investigation into Cancer and Nutrition Potsdam (EPIC) Study and Whitehall II Study (WS) cohorts.
2 Defined as the exploratory dietary pattern score derived from RRR analyses within the Framingham Offspring Study on the basis of food groupings of

1 of the 3 external cohorts.
3 Defined as the dietary pattern reported in 1 of the 3 external cohorts, and the values were obtained from each of the original dietary pattern reports.
4 Grain, fruit, and vegetable groups had substantial differences in the manner of grouping between the 3 cohorts; overall, WS groups were aggregated to

the least extent (see the number of food groups in Table 1 and in Supplementary Section I under “Supplemental data” in the online issue).
5 In the WS, factor loading values for yogurt and carrots are presented for the foods groups high-fat dairy products and dark-yellow vegetables,

respectively. Of the dairy products, only the NHS collapsed cheese and milk, and only the WS separated yogurt from the other dairy food groups.
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T2DM in each cohort), rather than strong negative contributors to
the scores. Consistent across the different cohorts, soft drinks,
particularly caloric soft drinks, meat and processed meat, eggs,
refined grains, and French fried potatoes were positive contrib-
utors to the dietary patterns associated with T2DM risk. These
food groups were previously found as those associated with
incident T2DM (27–37), with the exception of French fried
potatoes. French fried potatoes and other fried foods are po-
tentially a source of trans-fatty acids, at least have been in the
past, and have in some observational studies been positively
associated with T2DM risk or insulin resistance (37–39). Further
work in this area is necessary to assess individual food groups
within the context of different dietary patterns.

Contributions of some food groups to dietary patterns were not
consistent across the populations, including alcoholic beverages,
margarine, and different types of vegetables and fruit. One no-
table example was alcoholic beverages. The discrepancies are
likely due to differences in the sex proportion and the range of
alcohol consumption among the study populations and possibly
cultural patterns of intake (Table 1). Alcohol consumption in our
study (FOS) was relatively similar to that in NHS which recruited
only women. The number of participants consuming .30 g/d in
our study was 351 (12.2%), a percentage similar to that of the
full NHS population (12.0%, 5624 of 46,892) (40). On the
contrary, alcohol consumption in EPIC and WS was higher than
that in FOS. Past observational studies suggest that the associ-
ation between alcohol and T2DM risk is U-shaped (41, 42). In
the FOS, a linear inverse association between alcohol and
T2DM risk was observed, probably because of the limited
proportion of our population with higher intakes (43). Therefore,
populations with a narrow range of alcohol consumption and

few heavy consumers are likely to yield a favorable result for
alcohol consumption in relation to T2DM risk, whereas other
populations with a wide range of consumption are more likely to
yield an unfavorable result. These characteristics may mask
dietary benefit or harm due to U-, J-, or S-shaped associations
and yield inconsistent results among dietary pattern studies in
different populations. Therefore, automation of standardizing
each food variable and assumption of monotonic associations
among food variables should be considered as potential limi-
tations of dietary pattern analyses.

In addition, discordance of dietary patterns could be observed
in case one population had a narrow distribution of consumption
of a food group relative to other food groups, because such a food
group cannot be captured by data-driven dietary patterns. This is
independent of dietary pattern techniques and shapes of diet-
disease associations. This may explain, for example, the dif-
ference in margarine consumption as dietary pattern components
of the FOS and the 2 European cohorts (Table 2). Since the late
1980s, European populations may have had a limited con-
sumption of margarine rich in trans-fatty acids but not the US
population (44). Thus, it is likely that European cohorts had
a narrow distribution of margarine consumption, and such
a condition would contribute to the difference in the contribution
of margarine to T2DM-related dietary patterns.

Discordance of dietary patterns may have been driven by di-
fferent dietary instruments (FFQs). For example, polyunsaturated
margarine was ascertained in the WS, but not in the FOS, and it
had a relatively high contribution in the WS cohort (7). The
difference in dietary instruments may drive the difference in
dietary patterns and further predictability of T2DM risk. This is
supported by the observation that the FFQ of the FOS was not

TABLE 3

Pearson correlation coefficients between the exploratory and confirmatory dietary pattern scores and between the dietary

pattern scores and type 2 diabetes risk factors in the Framingham Offspring Study Cohort 1991–2001 (n = 2879)1

Dietary pattern scores

Exploratory2 Confirmatory3

Dietary pattern scores NHS EPIC WS NHS EPIC WS

Exploratory

NHS 1.00 0.94 0.75 0.63 0.12 0.23

EPIC 1.00 0.75 0.60 0.12 0.25

WS 1.00 0.50 0.21 0.27

Confirmatory

NHS 1.00 0.08 0.28

EPIC 1.00 0.17

WS 1.00

Response variables

BMI 0.20 0.24 0.24 0.28 0.14 0.07

Fasting glucose 0.11 0.06 0.05 0.11 0.03 0.04

HDL 20.09 20.23 20.22 20.12 20.14 0.05

Triglyceride 0.11 0.10 0.08 0.12 0.08 0.01

Systolic blood pressure 0.10 0.05 0.05 0.13 0.07 0.04

Diastolic blood pressure 0.09 0.09 0.09 0.13 0.06 0.05

1 EPIC, European Prospective Investigation into Cancer and Nutrition Potsdam Study; NHS, Nurses’ Health Study;

WS, Whitehall II Study. P , 0.05 for r . 0.04 or r , 20.04, P , 0.01 for r . 0.06 or r , 20.06, and P , 0.001 for

r . 0.07 or r , 0.07. The 95% CIs surrounding all correlation statistics ranged from 60.033 to 60.037.
2 Defined as the exploratory dietary pattern score derived from reduced rank regression analyses within the Framing-

ham Offspring Study on the basis of food groupings of 1 of the 3 external cohorts.
3 Defined as the confirmatory dietary pattern score derived from applying the dietary patterns of the 3 external cohorts

to the Framingham Offspring Study population on the basis of food groupings of 1 of the 3 external cohorts.

1080 IMAMURA ET AL



substantially different from that of the NHS, but different from
those of the EPIC and WS. In addition to the difference in dietary
instruments, food grouping may be the source of difference in
dietary patterns. However, we observed that food grouping was
not important, because the predictability of T2DM risk was not
substantially different between the 3 exploratory dietary pattern
scores.

Both the exploratory and confirmatory dietary patterns indicate
that beverages are important in dietary patterns related to T2DM
risk. The top positive and negative contributors included con-
sumption of wine, tea, and both sugar-sweetened and low-calorie
soft drinks. Beverage consumption, including dairy products and

fruit juice, needs further evaluation with regard to dietary patterns
and careful interpretation of past epidemiologic studies of bev-
erages and T2DM risk (41, 42, 45–47).

Dietary patterns based on the 2 European studies, but not those
based on the NHS, more weakly predicted T2DM than did those
based on the FOS. The NHS-based dietary pattern, although
derived in American women, was applicable to Americanmen for
the prediction of T2DM risk, according to sex-stratified analyses
(Supplementary Section III under “Supplemental data” in the
online issue). The difference in dietary patterns for prediction of
T2DM risk could be because of regional, social, or cultural
differences, because influences by these factors on dietary

TABLE 4

Results from Cox proportional hazard regression analyses estimating hazard ratios for incident type 2 diabetes with the dietary pattern score as the main

independent variable in the Framingham Offspring Cohort 1991–2001 (n = 2879)1

HRs and 95% CIs of quartile

categories of the dietary pattern score

HRs for continuous increase of

the dietary pattern score2First Second Third Fourth

Nurses’ Health Study

Exploratory

Case (%) 19 (2.6) 27 (3.8) 47 (6.5) 65 (9.0)

PY 4874 4905 4818 4912

Crude 1.0 1.46 2.53 3.33 1.57

Adjusted3 1.0 1.49 2.55 3.22 1.58

95% CI 0.82, 2.68 1.48, 4.38 1.93, 5.38 1.37, 1.83

Confirmatory

Case (%) 18 (2.5) 38 (5.3) 36 (5.0) 66 (9.2)

PY 4904 4868 4931 4805

Crude 1.0 2.16 2.03 3.88 1.39

Adjusted3 1.0 2.21 2.07 4.14 1.44

95% CI 1.25, 3.88 1.16, 3.67 2.45, 6.99 1.25, 1.66

EPIC Study

Exploratory

Case (%) 13 (1.8) 33 (4.6) 40 (5.6) 72 (10.0)

PY 4906 4879 4852 4872

Crude 1.0 2.58 3.21 5.50 1.57

Adjusted3 1.0 2.73 3.41 5.46 1.60

95% CI 1.43, 5.23 1.81, 6.41 3.02, 9.87 1.39, 1.83

Confirmatory

Case (%) 31 (4.3) 38 (5.3) 44 (6.1) 45 (6.3)

PY 4909 4848 4896 4856

Crude 1.0 1.26 1.45 1.53 1.14

Adjusted3 1.0 1.40 1.45 1.55 1.14

95% CI 0.86, 2.26 0.91, 2.30 0.98, 2.46 0.99, 1.32

Whitehall II Study

Exploratory

Case (%) 18 (2.5) 28 (3.9) 40 (5.6) 72 (10.0)

PY 4906 4857 4878 4868

Crude 1.0 1.61 2.27 4.03 1.55

Adjusted3 1.0 1.60 2.27 4.02 1.60

95% CI 0.88, 2.90 1.30, 3.97 2.39, 6.75 1.39, 1.83

Confirmatory

Case (%) 29 (4.0) 35 (4.9) 45 (6.3) 49 (6.8)

PY 4900 4901 4860 4848

Crude 1.0 1.17 1.58 1.74 1.16

Adjusted3 1.0 1.29 1.63 1.81 1.16

95% CI 0.78, 2.11 1.01, 2.61 1.14, 2.87 1.00, 1.35

1 EPIC, European Prospective Investigation into Cancer and Nutrition Potsdam Study; HR, hazard ratio; PY, person-years.
2 HRs according to linear increase by 1 SD of each dietary pattern score in the Cox proportional hazard regression model.
3 Adjusted model included sex, age (,50, 50–64, or �65 y), parental history of diabetes (yes or no), blood pressure treatment (yes or no), caloric intake

(quintiles), and weight change (quintiles).
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patterns were reported previously (48–50). Furthermore, these
sociodemographic characteristics should be reflected to each
dietary instrument (51). Although the cohorts we used in this
report were mainly white, other differences in the study pop-
ulations possibly led to the observed differences in RRR-based
dietary patterns and the predictability of T2DM risk. The results
indicate the difficulty in drawing a single dietary pattern or even
a single set of dietary recommendations for the prevention and
treatment of chronic diseases.

The strengths of our study include its longitudinal analyses,
which used data from a well-characterized, community-based,
prospective cohort study, and the availability of high-quality data
for both diet and standard risk factors for T2DM. One of the
limitations of our study was the issue of multiple testing due to
the multiple scores statistically examined in the single cohort
(25). However, our permutation analysis indicated statistical
significance of our simultaneous inference that dietary patterns of
the both European cohorts were not as predictive of incident
T2DM as were those of the FOS. Therefore, multiple testing may
not matter in our overall conclusion. Another limitation was that
the interpretation of our findings related to the European-derived
scores was complicated by the aforementioned differences in
FFQs and food groupings. Therefore, additional studies are
needed to evaluate the generalizability of dietary patterns by
confirmatory analyses with similar instruments or by cross-
confirmatory analyses in which both exploratory and confirma-
tory evaluations were performed collaboratively in multiple
studies. Similarly to the food groups, the selection of multiple
response variables in RRR analyses may also affect generaliz-
ability. Each of the RRR-derived dietary patterns in this report
used different markers of T2DM risk (Table 1). However, in the
NHS and FOS cohorts, despite no common response variables,
the exploratory and confirmatory scores based on NHS food
grouping showed similar overall results. Therefore, based on this
observation as well as the sensitivity analyses in our study (see
Supplementary Table 5 under “Supplemental data” in the online

issue) and in the EPIC study (6), variation in the response var-
iables may not substantively affect the derived dietary pattern
and the predictability of incident T2DM. Nevertheless, addi-
tional studies are needed to test the generalizability of RRR-
based dietary patterns in different cohorts with the use of the
same metabolic biomarkers.

In conclusion, our confirmatory and exploratory dietary pat-
tern analyses using data from the US and the 2 European studies
identified differences in dietary patterns between the study
populations that significantly influenced T2DM risk prediction.
Dietary patterns related to T2DM risk were characterized by
some food groups common across the cohorts, such as refined
grains, beverages (except alcohol), and animal products. The
other food groups, such as alcoholic beverages and specific types
of fruit and vegetables, contributed differentially to dietary
patterns derived from the different cohorts. Further research
should exploit confirmatory analyses of dietary patterns among
study populations and dietary variables. Such research will en-
hance our understanding of dietary pattern methods and
strengthen the inference from studies using dietary patterns.
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