
Citation: Woo, H.W.; Hoang, M.T.;

Shin, M.-H.; Koh, S.B.; Kim, H.C.;

Kim, Y.-M.; Kim, M.K. Diet-Wide

Association Study for the Incidence of

Type 2 Diabetes in Three

Population-Based Cohorts. Nutrients

2024, 16, 3798. https://doi.org/

10.3390/nu16223798

Academic Editor: Mario Barbagallo

Received: 5 October 2024

Revised: 4 November 2024

Accepted: 4 November 2024

Published: 5 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Diet-Wide Association Study for the Incidence of Type 2
Diabetes in Three Population-Based Cohorts
Hye Won Woo 1,2 , Manh Thang Hoang 1,3 , Min-Ho Shin 4, Sang Baek Koh 5, Hyeon Chang Kim 6 ,
Yu-Mi Kim 1,2 and Mi Kyung Kim 1,2,*

1 Department of Preventive Medicine, College of Medicine, Hanyang University, Seoul 15588,
Republic of Korea; woohehe@hanyang.ac.kr (H.W.W.)

2 Institute for Health and Society, Hanyang University, Seoul 15588, Republic of Korea
3 Wolfson Institute of Population Health, Queen Mary University of London, London E1 4NS, UK
4 Department of Preventive Medicine & Institute of Wonkwang Medical Science, Wonkwang University

School of Medicine, Iksan 35233, Republic of Korea
5 Department of Preventive Medicine, Keimyung University Dongsan Medical Center, Daegu 42601,

Republic of Korea
6 Department of Preventive Medicine, Chonnam National University Medical School, Gwangju 61186,

Republic of Korea
* Correspondence: kmkkim@hanyang.ac.kr

Abstract: Background: Dietary factors are well-known modifiable risk factors for type 2 diabetes
(T2D), but many studies overlook the interrelationships between these factors, even though foods
are often consumed together and contain a variety of nutrients. Objectives: In this study, we em-
ployed a diet-wide association study approach to investigate the links between various dietary
factors and T2D onset, taking into account complex dietary patterns. Methods: We analyzed
16,666 participants without T2D from three Korean population-based cohorts: the Multi-Rural Com-
munities Cohort (n = 8302), the Atherosclerosis Risk of a Rural Area Korean General Population cohort
(n = 4990), and the Kanghwa cohort (n = 3374). A two-step approach was employed. In the first step,
robust Poisson regression analysis was used for the initial screening (false discovery rate-adjusted
p-values < 0.05). In the second step, a hierarchical cluster analysis was conducted of all dietary factors,
followed by mutual adjustment of the screened factors within each cluster to account for interrelation-
ships. Results: The 11 food clusters screened were cooked rice with beans, rice cakes, breads/spreads,
bread products, cheese and pizza/hamburger, grain powder, snack/confections, nuts and roasted
beans, soy milk, traditional beverages, and non-native fruit. These factors were similarly distributed
across three of the seven clusters in each cohort. After mutual adjustment, cooked rice with beans
(p-value ≤ 2.00 × 10−7 in all three cohorts) and non-native fruits (p-value ≤ 5.91 × 10−3 in
two cohorts) remained significantly associated with lower T2D risk in more than one cohort. Conclu-
sions: The inverse association of cooked rice with beans, not observed with other types of cooked
rice, and that of non-native fruits, suggest that incorporating beans into rice and eating various fruits
may be an effective strategy for preventing diabetes.

Keywords: diet-wide association study; beans; fruits; type 2 diabetes; interrelationship; population-
based cohort

1. Introduction

Type 2 diabetes (T2D) has emerged as a global health crisis, affecting 9.3% of the
world’s population [1]. Its rapid increase has made it the seventh leading cause of disability-
adjusted life years and the ninth leading cause of mortality, outpacing both population
growth and aging [2]. Factors such as the highly processed, calorie-rich Western diet and a
sedentary lifestyle are possible explanations for this increase [2]. A healthy diet has become
an increasingly crucial basis for prevention of T2D [3].
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The critical role of diet in T2D risk is well established [4]. Traditional research ap-
proaches have often focused on isolated dietary components. However, this reductionist
method fails to capture the intricate interplay between dietary factors, and has led to
fragmented and inconsistent findings across studies [5]. To address these limitations, re-
searchers have suggested dietary pattern approaches, such as the Mediterranean diet and
the Alternative Healthy −ating Index (AHEI) [6]. However, these methods aggregate
foods into broad categories, potentially masking the specific impacts of individual foods
and nutrients. Consequently, there is a significant gap in understanding the impacts of
individual dietary components and their interactions on T2D risk in real-world eating
patterns. Given the complexity of diets and the potential for synergistic and antagonistic
effects between foods/nutrients, a more nuanced analytical approach is required to clarify
the true association between diet and T2D development.

Recently, a novel approach known as Diet-Wide Association Studies (DWAS) has been
adapted from genome-wide association studies [7,8]. DWAS allow simultaneous evaluation
of numerous foods and nutrients. However, previous DWAS relied mainly on Spearman
correlations between dietary factors and presented results using Manhattan plots based on
food groups. However, these analyses did not account for potential interactions between
dietary factors, such as the synergistic or antagonistic effects that may occur when nutrients
are consumed together. [7,8]. While statistical adjustments like the false discovery rate
(FDR) in DWAS can partially address the issue of multiple comparisons, they do not resolve
the failure to account for these interrelationships. Currently, DWAS for diabetes have been
conducted only in Western populations [7,8]. There is a need for similar studies in Asian
populations, because differences in food cultures and health profiles between Western and
Asian populations may result in different dietary impacts on diabetes risk.

This study employed a novel two-step approach to systematically analyze the inter-
related dietary components associated with T2D risk. First, we conducted a diet-wide
association study on 47 predefined foods/food groups and 62 nutrients across three prospec-
tive cohorts of adults aged 40 years or older to screen for associations with T2D incidence.
Next, we applied hierarchical cluster analysis to group closely related dietary factors, anal-
ogous to grouping SNPs into natural bins based on chromosomal locations, to clusters of
closely related dietary components. In addition to identifying the lead signal within each
cluster, we also obtained marginal associations after adjusting for intra-cluster relationships
accounting for the intricate interdependencies among dietary components.

2. Materials and Methods
2.1. Study Population and Design

The study population comprised adults aged 40 years and older from three population-
based cohorts in South Korea. The Multi-Rural Communities Cohort (MRCohort), consist-
ing of participants from three regions—Yangpyeong, Namwon, and Goryeong—enrolled
9759 participants. The Atherosclerosis Risk of a Rural Area Korean General Popula-
tion (ARIRANG) cohort, spanning two regions—Wonju and Pyeongchang—included
5942 participants, and the Kanghwa cohort, based in a single region (Kangwha), com-
prised 3845 participants. All participants were free of cardiovascular disease and cancer
at baseline, were enrolled between 2005 and 2011, and were followed from 2007 to 2017.
The follow-up rates for MRCohort and the ARIRANG and Kanghwa cohorts were 81.0%,
77.6%, and 72.1%, respectively, with participants attending one or more follow-up visits.

For this study, we excluded participants who reported the use of antidiabetic med-
ications or insulin at baseline or whose fasting blood glucose (FBG) level at baseline
was ≥126 mg/dL (7.0 mmol/L) (n = 2156). Additional exclusions were (1) participants
who left more than 10 items blank on the Food Frequency Questionnaire (FFQ), (2) those
with implausible total energy intake (≥99.5th percentile or ≤0.5th percentile of total energy
intake) (n = 284), and (3) those with missing data on covariates (education level, regular
exercise, smoking status, and/or alcohol consumption, n = 440). After these exclusions, the
final analysis included 8302 participants from the MRCohort, 4990 from the ARIRANG
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cohort, and 3374 from the Kangwha cohort. The study was conducted following the princi-
ples of the Declaration of Helsinki, and the study protocol was approved by the following
Institutional Review Boards: Hanyang University, Chonnam University, and Keimyung
University for the MRCohort; Yonsei Wonju College of Medicine for the ARIRANG cohort;
and Yonsei University for the Kanghwa cohort. All participants provided written informed
consent before participating in the study.

2.2. Dietary Assessments, Food Groups, and Nutrients

Dietary intake was assessed at baseline, and follow-up surveys using the same vali-
dated 106-item Food Frequency Questionnaire (FFQ) were administered by trained inter-
viewers. The FFQ consists of food items with nine frequency categories ranging from ‘never
or rarely’ to ‘three times/day’ and three portion sizes specified for each item [9]. Daily
food consumption (serving/day) was calculated by multiplying the weighted frequency by
the average serving size for each food. To determine optimal food groupings, we initially
reduced the 106 food items to 104 by aggregating five rice-related items (cooked white
rice, cooked rice with beans, cooked rice with multi-grains, cooked white rice only or
with beans, and cooked rice with beans or with multi-grains) into three categories (cooked
white rice, cooked rice with beans, and cooked rice with multi-grains). We then employed
Ward’s hierarchical clustering method in conjunction with the silhouette method, running
analyses with predefined numbers of clusters (20, 30, and 40). The interpretability of
these clusters was examined to ensure consistency with the 37 predefined food groups
used in previously published studies [10], and we ultimately identified 47 modified food
groups (thereafter food) that best represented the dietary patterns in our study population
(Supplementary Table S1). Nutrient intakes were calculated using the nutrient database
developed by the Korean Nutrition Society, which is based on the seventh edition of the Ko-
rean Food Composition Table [11], and an established antioxidant database [12]. To account
for long-term dietary patterns and minimize within-person variation [13], we calculated
cumulative average consumption by averaging daily food and nutrient consumption across
all visits up to the endpoint or censoring. All food and nutrient intakes were adjusted for
total energy intakes using the residual method [14].

2.3. Assessment of Nondietary Factors and Health Examination

Trained interviewers collected comprehensive data on nondietary factors using stan-
dardized protocols and structured questionnaires. The information gathered included
demographics (age, sex, and area of residence), socioeconomic status (educational level),
lifestyle factors (physical activity, smoking status, and alcohol consumption), and medi-
cation use (antihyperglycemic and insulin). Higher education was defined as completion
of 12 or more years of schooling, while regular exercise was more than three 30 min ses-
sions per week. Daily alcohol consumption (g/day) was calculated by multiplying the
average frequency of consumption of any of six types of alcoholic beverage (soju, takju,
beer, refined rice wine, wine, and whisky; times/day) by the amount of each beverage
consumed per occasion, factoring in the alcohol content (%) of each beverage and using
alcohol gravity (0.7947).

At every health examination, anthropometric data were measured. Height was mea-
sured using a standard height scale to the nearest 0.1 cm, and weight was measured using
a metric weight scale to the nearest 0.01 kg while wearing light clothes without shoes. Body
mass index (BMI) was calculated by dividing weight in kilograms by height in meters
squared. Biochemical data, such as fasting blood glucose, were analyzed in serum collected
after at least eight hours of fasting using an ADVIA 1650 Automated Analyzer (Siemens,
New York, NY, USA).

2.4. Ascertainment of Diabetes Incidence

At each visit, the participants reported any physician-diagnosed T2D and use of an-
tidiabetic medications or insulin. For those without T2D at baseline, we defined new cases
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as either participants newly diagnosed by a physician who initiated antidiabetic medica-
tion or insulin treatment or those with fasting blood glucose ≥126 mg/dL (7.0 mmol/L)
during follow-up examinations, in accordance with the American Diabetes Association
guidelines [15]. We calculated follow-up time for each participant from their enrollment
date until T2D diagnosis or study end in December 2017, whichever occurred first. For the
participants lost to follow-up, we assigned half the median follow-up time of those who
were successfully followed up [16].

2.5. Statistical Analysis

The general characteristics across the three cohorts were summarized using means for
the continuous variables and percentages for the categorical variables. To identify dietary
factors (among 47 foods and 62 nutrients) associated with T2D incidence, we employed a
two-step approach. In the first step, we conducted an initial screening step by calculating
the incidence rate ratios (IRRs) for each food and nutrient using modified Poisson regression
with robust error estimation [17,18]. Covariates, including age (years), sex, higher education
level (≥12 years), regular exercise (≥3 times/week for ≥30 min/session), current smoking
status, alcohol consumption (g/day), and total energy intake (kcal/day), were adjusted
in these models. The participants were grouped into tertiles of food and nutrient intake,
with the IRRs presented using the lowest tertile as the reference group. Dietary factors
were designated as ‘validated dietary factors’ if they achieved statistical significance in the
highest tertile with FDR-adjusted p-values < 0.05 in more than one cohort. In the second
step, we examined the interrelationships among these validated dietary factors. Partial
Spearman correlation coefficients were computed for all standardized dietary factors,
adjusting for the same set of covariates. These dietary factors were visualized using
hierarchical clustering, which resulted in seven distinct clusters. The associations between
foods and nutrients and T2D risk found in the first screening step were presented in a
Manhattan plot according to clusters. In the second step, we ran additional models that
mutually adjusted for validated dietary factors within each cluster to account for potential
correlations among dietary factors within the same cluster. This allowed us to further
investigate the marginal associations of individual dietary factors.

Statistical analyses were conducted using two software packages. The cluster analysis
and Manhattan plots construction were performed using R statistical software
(version 4.1.0; R Foundation for Statistical Computing, Vienna, Austria). All other statistical
analyses were executed using SAS software (version 9.4; SAS Institute Inc.,
Cary, NC, USA).

3. Results

Table 1 presents the general characteristics of the three cohorts. Notable differences
were observed in mean age (MRCohort being the oldest at 61.3 years), education level
(ARIRANG having the highest percentage of individuals with higher education at 35.9%),
and the lifestyle factor of regular exercise (highest in Kanghwa at 24.3%), while BMI and
total energy intake were similar across the cohorts. Regarding dietary factors, the MRCohort
had the highest intake of cooked white rice, Kanghwa reported the highest intake of cooked
rice with beans, and fruit consumption was highest in Kanghwa, while ARIRANG had the
lowest intake of fruit (Supplementary Table S2).

During a total follow-up period of 96,609 person-years across the three cohorts, we
observed 536 T2D events in the MRCohort (median follow-up: 6.2 years; interquartile
range [IQR]: 3.5–8.9), 253 events in the ARIRANG cohort (median follow-up: 6.3 years;
IQR: 3.1–8.8), and 164 events in the Kanghwa cohort (median follow-up: 4.9 years;
IQR: 1.2–7.6). The initial screening revealed significant associations (FDR-adjusted
p-values < 0.05) for 18 foods and four nutrients in the MRCohort, 11 foods and
two nutrients in the ARIRANG cohort, and nine foods in the Kanghwa cohort. The
directions of these associations were consistent across the three cohorts. Among these
significant dietary factors, only 11 foods (not nutrients) were validated in at least two co-
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horts (>1 cohort at original p-value = 7.15 × 10−3): cooked rice with beans (RiceBeans), rice
cakes (RiceCakes), breads/spreads (BreadSpread), bread products (BreadProduct), cheese
and pizza/hamburger (ChzPizzaBurger), grain powder (GrainPowder), snack/confections
(SnackConfect), nuts and roasted beans (NutsRoastBeans), soy milk (SoyMilk), traditional
beverages (TradBeverages), and non-native fruit (NonNatFruit), referring to fruits not
traditionally cultivated in Korea but imported for consumption (Table 2).

Table 1. General characteristics of the MRCohort and the ARIRANG and Kanghwa cohorts.

MRCohort ARIRANG Kanghwa

n 8302 4990 3374
Age, years 61.3 ± 9.8 54.6 ± 8.3 55.9 ± 8.8

Sex, female, % 63.6 37.7 37.4
Higher education, % * 20.5 35.9 34.5
Regular exercise, % *† 21.5 20.1 24.3
Current smokers, % 15.0 16.2 13.4

Alcohol consumption, g/day 10.1 ± 30.1 9.5 ± 23.6 8.7 ± 27.1
Body mass index, kg/m2 24.2 ± 3.1 24.4 ± 3.1 24.5 ± 3.0

Total Energy intake,
Kcal/day 1499 ± 402 1615 ± 426 1632 ± 452

* 12 years of schooling or more. † ≥3 times/week for ≥30 min/session. Abbreviations: MRCohort: Multi-Rural
Communities Cohort; ARIRANG: Atherosclerosis Risk of a Rural Area Korean General Population.

In the hierarchical cluster analysis to identify interrelated dietary factors, seven dis-
tinct food/nutrient clusters, including dietary factors that were not identical but very
similar, were extracted in all three cohorts (Supplementary Figure S1). We grouped the
seven clusters of similar dietary factors as follows (see Supplementary Table S3): Group
1_Carbohydrate nutrition factors (includes carbohydrates, glycemic load, glycemic index,
cooked white rice (WhiteRice), etc.); Group 2_Animal-based nutrients (includes protein,
vegetable protein, vitamin D, calcium, milk/yogurt (MilkYogurt), etc.); Group 3_Diverse
plant-based foods and seafood (includes NutsRoastBeans, NonNatFruit, GrainPowder,
SoyMilk, etc.); Group 4_Rice with beans and related nutrients; Group 5_Plant-based nu-
trients and vegetables (includes kimchi, fiber, vitamin B6, folate, etc.); Group 6_Green tea,
related phytochemicals (includes green tea, copper (Cu), flavan-3-ols), and n-3 polyunsatu-
rated fatty acids; and Group 7_Fusion diet combining traditional and non-traditional foods
(includes SnackConfect, RiceCakes, TradBeverages, ChzPizzaBurger, BreadSpread, etc.).
In the ARIRANG cohort, Clusters 3 and 2 were classified as the same group (Group 3) in
light of the patterns of the other cohorts, but they were further sub-divided into Groups 3a
and 3b. The associations of 109 dietary factors and T2D risk are shown in a Manhattan plot
according to group in Figure 1.

Table 3 presents the associations between the consumption of the 11 validated foods
and the incidence of T2D, with the data mutually adjusted for interdependencies within
food clusters across the three cohorts. In the first step, the 11 foods were classified into
only three groups (Group 7, Group 3, and Group 4). Cooked rice with beans (RiceBeans) in
two cohorts and non-native fruit (NonNatFruit) and grain powder (GrainPowder) in one
cohort were not classified with any other validated foods. Among the groups that included
two or more validated factors, traditional beverages (TradBeverages) in the MRCohort,
cooked rice with beans (RiceBeans) in the ARIRANG cohort, and rice cakes (RiceCakes) in
the Kanghwa cohort were the most significant within their respective clusters, even after
mutual adjustment of the same cluster.
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Table 2. Incidence rate ratios (IRRs) and 95% confidence intervals (CIs) of 11 validated foods associated with T2D in the three cohorts.

Food Group (Abbreviation) *
MRCohort ARIRANG Kanghwa

IRR Original
p-Value

FDR
p-value † IRR Original

p-Value
FDR

p-Value † IRR Original
p-Value

FDR
p-Value †

Cooked rice with beans—RiceBeans 0.37 (0.31–0.46) 5.53 × 10−22 6.03 × 10−20 0.36 (0.27–0.48) 4.84 × 10−12 5.28 × 10−10 0.37 (0.25–0.54) 2.00 × 10−7 2.18 × 10−5

Rice cakes—RiceCakes 0.64 (0.52–0.78) 1.01 × 10−5 1.83 × 10−4 0.48 (0.31–0.74) 5.20 × 10−6 2.83 × 10−4

Breads/spreads—BreadSpread 0.74 (0.60–0.91) 3.85 × 10−3 2.62 × 10−2 0.57 (0.40–0.81) 1.47 × 10−3 2.29 × 10−2 0.53 (0.36–0.78) 1.02 × 10−3 1.86 × 10−2

Bread products—BreadProduct 0.57 (0.47–0.71) 3.00 × 10−7 1.09 × 10−5 0.58 (0.42–0.80) 9.00 × 10−4 1.64 × 10−2 0.49 (0.32–0.75) 1.29 × 10−3 2.01 × 10−2

Cheese and
pizza/hamburger—ChzPizzaBurger 0.72 (0.58–0.89) 2.37 × 10−3 1.72 × 10−2 0.46 (0.32–0.66) 3.78 × 10−5 2.06 × 10−3 0.50 (0.33–0.75) 8.68 × 10−4 1.86 × 10−2

Grain powder—GrainPowder 0.71 (0.58–0.87) 1.08 × 10−3 9.78 × 10−3 0.61 (0.44–0.84) 2.76 × 10−3 2.50 × 10−2

Snack/confections—SnackConfect 0.58 (0.47–0.73) 1.50 × 10−6 4.09 × 10−5 0.52 (0.38–0.71) 5.71 × 10−5 2.07 × 10−3 0.55 (0.37–0.81) 8.30 × 10−4 1.86 × 10−2

Nuts and roasted beans—NutsRoastBeans 0.75 (0.61–0.93) 7.15 × 10−3 3.90 × 10−2 0.49 (0.34–0.73) 2.37 × 10−3 2.88 × 10−2

Soy milk—SoyMilk 0.64 (0.52–0.79) 2.48 × 10−5 3.37 × 10−4 0.62 (0.45–0.84) 2.37 × 10−3 2.50 × 10−2 0.54 (0.37–0.79) 3.89 × 10−4 1.41 × 10−2

Traditional beverages—TradBeverages 0.56 (0.45–0.69) 5.29 × 10−8 2.88 × 10−6 0.58 (0.42–0.80) 7.38 × 10−4 1.61 × 10−2 0.39 (0.26–0.59) 1.71 × 10−3 2.33 × 10−2

Non-native fruit—NonNatFruit 0.65 (0.53–0.81) 1.15 × 10−4 1.26 × 10−3 0.62 (0.44–0.86) 4.21 × 10−3 3.53 × 10−2

* Data are expressed as IRR (95% CI). The multivariable model was adjusted for age (years), higher education level (≥12 years of education), regular exercise (≥3 times/week
and ≥30 min/session), current drinking status (yes or no), alcohol consumption (g/day), and total energy intake (kcal/day). † FDR-adjusted p-values were calculated by comparing the
highest and lowest tertiles. Foods with FDR < 5.00 × 10−2 in at least two of the three cohorts were considered validated.
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Figure 1. Manhattan plot of associations of foods and nutrients with type 2 diabetes in the
three cohorts: (A) MR Cohort, (B) ARIRANG, and (C) Kanghwa cohort. Abbreviations: Whi-
teRice, cooked white rice; RiceBeans, cooked rice with beans; MultiGrainRice, cooked rice with
multi-grains; Noodles, noodles; DumpTteok, dumpling and teokguk; RiceCakes, rice cakes; Corn-
flake, cornflakes; BreadSpread, breads/spreads; SweetBread, bread products; ChzPizzaBurger,
cheese and pizza/hamburger; GrainPowder, grain powder; SnackConfect, snack/confections; Nut-
sRoastBeans, nuts and roasted beans; SoybeanSoup, soybean paste soup; TofuSprouts, tofu/bean
sprouts; Eggs, eggs; Starch, starch; Potatoes, potatoes; Baechukimchi, baechukimchi; OtherKim-
chi, other kimchi; SaltFermented, salt-fermented food; CabbageRadishSoup, cabbage/radish soup;
VegDish, vegetable dish; LettucePerilla, lettuce/perilla leaf; Mushrooms, mushrooms; OtherVegeta-
bles, other vegetables; SweetPumpkin, sweet pumpkin; Poultry, poultry; OrganMeatByproduct,
by-products (organ meat, seonji, sundae); Cuttlefish, cuttlefish; Pork, pork; ProcessedMeatSeafood,
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processed meat/seafood; Beef, beef; RawFishEel, sliced raw fish and eel (special fish);
DogMeat, dog meat; Fish, fish; Anchovy, anchovy; Seaweeds, seaweeds; ShellfishSeafood, shellfish
seafood; MilkYogurt, milk/yogurt; CarbDrinkIcecream, carbonated drink/ice cream; SoyMilk, soy
milk; Coffee, coffee; TradBeverages, traditional beverages; GreenTea, green tea; NatFruit, native
fruit; NonNatFruit, non-native fruit. CHO, carbohydrate; PRO, protein; Pro_veg, vegetable pro-
tein; Pro_ani, animal protein; VitA, vitamin A; VitD, vitamin D; VitK, vitamin K; VitB1, thiamine;
VitB2, riboflavin; VitB6, vitamin B6; VitB12, vitamin B12; VitB5, pantothenic acid; VitB7, biotin;
Ca, calcium; Ca_veg, vegetable calcium; Ca_ani, animal calcium; P, phosphorus; Na, sodium;
Cl, chlorine; K, potassium; Mg, magnesium; Fe, iron; Fe_veg, vegetable iron; Fe_ani, animal
iron; Zn, zinc; Cu, copper; F, fluorine; Mn, manganese; Se, selenium; Chol, cholesterol; cFiber,
cereal fiber; vegeFiber, vegetable fiber; GL, glycemic load; MUFA, monounsaturated fatty acid;
PUFA, polyunsaturated fatty acid; n3_PUFA, n-3 polyunsaturated fatty acid; n6_PUFA, n-6 polyun-
saturated fatty acid; SFA, saturated fatty acid; Pro_soy, soy protein; GI, glycemic index; AA_BCAAs,
isoleucine, leucine, valine; VitC, vitamin C; VitE, vitamin E; PA, proanthocyanidins; FLA, total
flavonoids. Food items are represented by their abbreviated names (e.g., WhiteRice for cooked white
rice, RiceBeans for cooked rice with beans). A total of 109 dietary factors were analyzed in this
study, and consistent abbreviations are used for items that appear multiple times across different
figures or tables.

However, in the MRCohort, non-native fruit was the most significant food item fol-
lowing mutual adjustment, replacing soy milk. Finally, applying the same significance
threshold and validation criteria as in the screening step, only two foods—cooked rice
with beans (RiceBeans, with soybeans being the primary bean used) and non-native fruit
(NonNatFruit)—remained significant in at least two of the three cohorts. The IRRs for cooked
rice with beans were 0.37 (95% CI: 0.31–0.46; mutually adjusted p-value = 5.53 × 10−22) in
the MRCohort, 0.41 (95% CI: 0.31–0.50; mutually adjusted p-value = 1.51 × 10−8) in the ARI-
RANG cohort, and 0.37 (95% CI: 0.25–0.54; mutually adjusted p-value = 2.00 × 10−7) in the
Kanghwa cohort. Those for non-native fruit were 0.73 (95% CI: 0.58–0.91; mutually adjusted
p-value = 5.91 × 10−3) in the MRCohort and 0.62 (095% CI: 44–0.86; mutually adjusted
p-value = 4.21 × 10−3) in the ARIRANG cohort. Although traditional beverages, bread prod-
ucts, and snacks within Group 7 in the MRCohort, and rice cakes in the Kanghwa cohort
remained significant within their respective cohorts, they were not considered final validated
factors. We conducted stratification analyses of several risk factors to determine whether
the associations with cooked rice with beans and non-native fruits were confounded by or
interacted with other factors influencing T2D risk; however, the results remained robust
(Supplementary Table S4).
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Table 3. Incidence rate ratios (IRRs) and 95% confidence intervals (CIs) for type 2 diabetes (T2D) incidence associated with 11 validated foods after mutual adjustment
within clusters in the three cohorts.

Multivariable Model * Validated Foods
(Serving/Day) T1 T2 T3 Original

p-Value for T3

Mutually
Adjusted

p-Value for T3 †

MRCohort
Cluster 2

[Group 7] Fusion diet combining traditional and
non-traditional foods

TradBeverages 1.00 0.81 (0.65–0.99) 0.63 (0.51–0.79) 5.29 × 10−8 3.98 × 10−5

BreadProduct 1.00 0.88 (0.71–1.09) 0.72 (0.57–0.91) 3.00 × 10−7 6.74 × 10−3

SnackConfect 1.00 0.88 (0.72–1.08) 0.70 (0.56–0.88) 1.50 × 10−6 2.65 × 10−3

RiceCakes 1.00 0.66 (0.54–0.82) 0.79 (0.63–0.99) 1.01 × 10−5 3.80 × 10−2

ChzPizzaBurger 1.00 0.81 (0.65–1.02) 0.97 (0.76–1.25) 2.37 × 10−3 8.31 × 10−1

BreadSpread 1.00 0.94 (0.74–1.19) 1.01 (0.80–1.26) 3.85 × 10−3 9.53 × 10−1

Cluster 3

[Group 3] Diverse plant-based foods and seafood

SoyMilk 1.00 0.77 (0.62–0.95) 0.74 (0.59–0.93) 2.48 × 10−5 8.46 × 10−3

NonNatFruit 1.00 0.80 (0.65–0.98) 0.73 (0.58–0.91) 1.15 × 10−4 5.91 × 10−3

GrainPowder 1.00 0.85 (0.68–1.05) 0.83 (0.67–1.03) 1.08 × 10−3 9.56 × 10−2

NutsRoastBeans 1.00 0.86 (0.69–1.05) 0.85 (0.69–1.06) 7.15 × 10−3 1.49 × 10−1

Cluster 5
[Group 4] Rice with beans and related nutrients RiceBeans 1.00 0.34 (0.27–0.41) 0.37 (0.31–0.46) 5.53 × 10−22 5.53 × 10−22

ARIRANG
Cluster 2

[Group 3b] Diverse plant-based foods and Seafood NonNatFruit 1.00 0.73 (0.54–0.98) 0.62 (0.44–0.86) 4.21 × 10−3 4.21 × 10−3

Cluster 3
[Group 3a] Diverse Plant-Based Foods and Seafood GrainPowder 1.00 0.74 (0.55–1.00) 0.61 (0.44–0.84) 2.76 × 10−3 2.76 × 10−3

Cluster 5

[Group 7] Fusion diet combining traditional and
non-traditional foods

RiceBeans 1.00 0.25 (0.19–0.36) 0.41 (0.31–0.56) 4.84 × 10−12 1.51 × 10−8

BreadSpread 1.00 1.32 (0.93–1.86) 0.96 (0.64–1.44) 1.47 × 10−3 8.39 × 10−1

BreadProduct 1.00 0.70 (0.50–0.98) 0.83 (0.57–1.21) 9.00 × 10−4 3.27 × 10−1

ChzPizzaBurger 1.00 0.94 (0.67–1.33) 0.71 (0.48–1.06) 3.78 × 10−5 9.30 × 10−2

SnackConfect 1.00 0.93 (0.68–1.27) 0.72 (0.51–1.02) 5.71 × 10−5 6.31 × 10−2

SoyMilk 1.00 0.90 (0.64–1.26) 0.88 (0.63–1.24) 2.37 × 10−3 4.68 × 10−1

TradBeverages 1.00 0.82 (0.60–1.01) 0.80 (0.58–1.10) 7.38 × 10−4 1.74 × 10−1
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Table 3. Cont.

Multivariable Model * Validated Foods
(Serving/Day) T1 T2 T3 Original

p-Value for T3

Mutually
Adjusted

p-Value for T3 †

Kanghwa
Cluster 2

[Group 7] Fusion diet combining traditional and
non-traditional foods

RiceCakes 1.00 0.60 (0.42–0.87) 0.50 (0.33–0.76) 5.20 × 10−6 1.29 × 10−3

BreadSpread 1.00 0.80 (0.55–1.16) 0.68 (0.43–1.07) 1.02 × 10−3 9.46 × 10−2

SnackConfect 1.00 0.98 (0.67–1.42) 0.71 (0.45–1.12) 8.30 × 10−4 1.37 × 10−1

BreadProduct 1.00 0.82 (0.55–1.22) 0.82 (0.53–1.28) 1.29 × 10−3 3.84 × 10−1

TradBeverages 1.00 0.70 (0.48–1.01) 0.65 (0.44–0.96) 1.71 × 10−3 2.94 × 10−2

Cluster 3

[Group 3] Diverse plant-based foods and Seafood
SoyMilk 1.00 0.68 (0.46–1.02) 0.59 (0.40–0.88) 3.89 × 10−4 9.48 × 10−3

ChzPizzaBurger 1.00 0.85 (0.57–1.26) 0.61 (0.40–0.94) 8.68 × 10−4 2.61 × 10−2

NutsRoastBeans 1.00 0.82 (0.57–1.18) 0.66 (0.45–0.98) 2.37 × 10−3 4.11 × 10−2

Cluster 5
[Group 4] Rice with beans and related nutrients RiceBeans 1.00 0.38 (0.26–0.56) 0.37 (0.25–0.54) 2.00 × 10−7 2.00 × 10−7

* Data are expressed as IRR (95% CI). The multivariable model was adjusted for age (years), higher education level (≥12 years of education), regular exercise (≥3 times/week and ≥30
min/session), current drinking status (yes or no), alcohol consumption (g/day), and total energy intake (kcal/day). † The significance threshold was set to the largest original p-value
(7.15 × 10−3) for the validated dietary factors to maintain consistency with the screening step.
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4. Discussion

In this diet-wide association study on T2D conducted across three population-based
cohorts analyzing 47 foods and 62 nutrients, we identified 11 foods inversely associated
with T2D risk: cooked rice with beans, rice cakes, breads/spreads, bread products, cheese
and pizza/hamburgers, grain powder, snacks/confections, nuts and roasted beans, soy
milk, traditional beverages, and non-native fruit. These 11 validated foods were grouped
into three of seven clusters, which, while not identical, were highly similar. After mutual
adjustment within their respective clusters, only cooked rice with beans (RiceBeans) and
non-native fruits (NonNatFruit) remained validated. Despite the geographic differences
among the three cohorts, we observed consistent, though not identical, dietary patterns
(seven clusters), which were categorized into seven groups. These patterns could be
further classified into three main categories: (1) staple food-related patterns, including
carbohydrate nutrition factors (Group 1), rice with beans and related nutrients (Group 4),
and fusion diets combining traditional foods and non-traditional foods (that can substitute
for rice, Group 7); (2) side dish-related patterns, including animal-based and plant-based
nutrients and foods (Group 2, 3, and 5); and (3) green tea, related phytochemicals, and
n3-PUFA (Group 6). In a previous study [10], we identified three dietary patterns using
37 predefined foods based on similarities in nutrient composition and culinary use. The
‘Meat/Poultry/Seafood’ pattern was split into Group 3 (similar to ‘vegetable/seaweeds’)
and Group 7 (similar to ‘non-traditional/non-staple foods’) in the present study. This
difference is likely due to the greater number of dietary patterns (seven vs. three) and the
different statistical methods used (hierarchical cluster analysis vs. factor analysis).

The two studies just referred to had different objectives. The earlier study [10] aimed
to extract dietary patterns using factor analysis to assess overall dietary scores, whereas the
present study used cluster analysis to identify groups of closely-correlated foods. A key
strength of the present study is its data-driven approach to determining the 47 food groups,
which minimizes the subjective bias often introduced when experts define food categories
based on personal knowledge—a common practice in previous studies [19,20]. However, it
remains important to confirm whether the seven patterns identified in the present study
are consistent across the general population and in other cohorts.

The inverse association between incorporating beans (including pulses, subgroups
of legumes, etc.) into the diet or increasing the ratio of beans to white rice and the risk
of T2D is consistent with findings from observational studies [21–25]. This protective
association was also identified in a systematic review and meta-analysis of both short-
and long-term randomized controlled trials [26]. The beneficial effects of beans may be
attributed to their bioactive components, such as plant protein, fatty acids, soy proteins,
and isoflavones. These compounds help improve glycemic control, slow carbohydrate
absorption, enhance insulin sensitivity [24,25], and accord with the nutrients grouped with
cooked rice with beans in the present study, although they did not pass the threshold of the
initial screening step. Additionally, cooked rice with beans was negatively correlated with
other rice-based dietary factors in the ARIRANG cohort (Supplementary Figure S2B). The
combination of rice and beans, a staple in many Asian diets, may offer unique nutritional
benefits for preventing T2D [27,28]. This is remarkable, as white rice alone, with its high
glycemic index, has been linked to a higher risk of T2D [29,30]. Our results highlight the
potential benefits of beans, particularly soybeans, in this context. However, different types
of legumes may have varying impacts on T2D risk [23,24]. Therefore, further research is
needed to investigate the associations between specific types of legumes and T2D risk to
better understand their individual effects and potential mechanisms.

Our study indicated that while native fruit primarily grown and consumed in our
population was not associated with T2D risk in any of the three cohorts (Figure 1), a
protective association was observed with non-native fruits, including bananas and oranges,
and T2D. However, a recent meta-analysis of fruit consumption did not report a significant
link between banana, orange, or total fruit intake and risk of T2D [4,31]. Considering that
dietary variety has protective effects against metabolic diseases [32], it is plausible that the
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observed benefit of non-native fruits may reflect a tendency for individuals with higher
consumption of non-native fruits to select a wider variety of fruits, potentially leading to
overall health improvements.

Previous DWAS on T2D have provided valuable insights, but with limitations. For
example, an environment-wide association study [8] found a positive association between
vitamin C-tocopherol and T2D prevalence, and a negative association with beta-carotene,
in the US population. However, the cross-sectional design of the study limited its abil-
ity to yield temporal relationships. Another DWAS, using UK Biobank data, analyzed
224 dietary factors (food and alcohol) and 21 nutrient factors and identified nine dietary
factors and one nutrient (iron) associated with T2D risk, but the authors did not perform an
integrated analysis of the dietary factors and nutrients [7]. Notably, sliced buttered bread
consumption increased risk, and iron, typically associated with increased T2D risk [33],
was also positively associated. However, the present study demonstrated a different di-
rection of association. Foods linked to T2D risk between populations may be attributed
to their unique culinary traditions and eating patterns. Therefore, directly comparing our
findings with those of other studies is challenging. Nevertheless, these discrepancies in the
associations of specific dietary factors across populations may suggest the need to interpret
and understand these associations within the context of dietary culture.

Previous DWAS on diseases [34,35] other than diabetes have not included mutual
adjustment due to its complexity, the traditional focus on individual dietary components,
and the difficulty of efficiently managing such complex analyses. Our study advances the
field, as it is the first to apply mutual adjustment for related foods and nutrients within
the same cluster. This DWAS approach may help determine whether established factors
maintain their associations with health outcomes after mutual adjustment, potentially
challenging or confirming existing nutritional knowledge. However, given the complexity
of diets in which nutrients are consumed in different combinations, and the limitations of
self-reported dietary questionnaires, it is difficult to reliably identify the health effects of
individual dietary components in observational studies [36]. The DWAS approach offers
a powerful tool for nutritional epidemiology, but it should be used to complement rather
than replace candidate approaches. Therefore, all initial 11 foods identified (and even nine
other foods that did not pass the final threshold of mutual adjustment) may be promising
candidates for further studies in each cohort. Therefore, a combined strategy could provide
a more comprehensive understanding of diet–disease relationships, balancing the strengths
of hypothesis-driven and data-driven research methods [37].

Our study has several limitations. First, as it was conducted using three rural commu-
nity cohorts, caution should be exercised when generalizing our results to other populations,
particularly urban areas, where lifestyle variables associated with T2D might differ [38].
Second, while we considered relationships among foods/nutrients, there could be other
non-adjusted confounders or unmeasured factors related to dietary consumption. More-
over, we cannot fully explain the roles of the overlaps common in mutual adjustments
between various foods/nutrients in the development of T2D risk. Third, our analytical
approach has its own limitations in that we used only findings in the highest tertiles and
evaluated only linear associations. Given that the clusters were created using Spearman
correlation coefficients, other dimension reduction methods for dietary factors should be
applied to identify possible nonlinear associations. These limitations point to the need
for further research to validate and expand upon our findings in diverse populations and
using more comprehensive analytical approaches.

5. Conclusions

In conclusion, this diet-wide association study across three Korean cohorts, analyzing
47 foods and 62 nutrients, identified 11 foods inversely associated with T2D risk. Notably,
it appears that incorporating beans into rice and eating various fruits, including non-
native fruits, may have a beneficial role in reducing T2D risk. These findings provide
valuable insights into the complex interrelation between dietary components and T2D
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risk, and further studies to confirm our findings are needed to inform future nutritional
recommendations for T2D prevention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16223798/s1, Figure S1: seven clusters of food identified
by hierarchical cluster analysis in the three cohorts, Figure S2: correlation analysis of validated
foods and nutrients, Table S1: description of 47 foods and 62 nutrients, Table S2: age- and sex-
adjusted mean (standard error) dietary factors across the three cohorts, Table S3: clustered 47 foods
and 62 nutrients (cluster numbers are assigned in the order shown in Supplementary Figure S1),
Table S4: stratified IRR (95% CI) of type 2 diabetes according to quartile (Q) of cooked rice with beans
and non-native fruit by risk factors.

Author Contributions: Formal analysis, H.W.W. and M.T.H.; writing—original draft, H.W.W. and
M.K.K.; writing—review and editing, H.W.W. and M.K.K.; funding acquisition, M.K.K.; investigation,
H.W.W., Y.-M.K., M.K.K., M.-H.S., S.B.K. and H.C.K.; methodology: H.W.W. and M.K.K.; supervision,
M.K.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a research program funded by the Korean Centers for
Disease Control and Prevention (2004-E71004-00, 2005-E71011-00, 2006-E71009-00, 2007-E71002-00,
2008-E71004-00, 2009-E71006-00, 2010-E71003-00, 2011-E71002-00, 2012-E71007-00, 2013-E71008-00,
2014-E71006-00, 2014-E71006-01, 2016-E71001-00, and 2017N-E71001-00); a National Research Founda-
tion of Korea (NRF) grant funded by the Korean government (MSIT) (No. NRF-2020R1A2C1004815);
and an Institute of Information & Communications Technology Planning & Evaluation (IITP) grant
for the Artificial Intelligence Graduate School Program at Hanyang University (No. RS-2020-II201373).
Additional support was provided by the research fund of Hanyang University (HY-2020).

Institutional Review Board Statement: The study was conducted in accordance with the principles
of the Declaration of Helsinki, and the study protocol was approved by the Institutional Review
Board of Hanyang University (approval no. HYUIRB-202106-005, 16 June 2021). All participants
provided written informed consent before participating in the study.

Informed Consent Statement: Written informed consent was obtained from all participants prior
to participation.

Data Availability Statement: Data described in the manuscript, code book, and analytic code will
not be made available because of the data protection regulations of the Korea Disease Control and
Prevention Agency (KCDA) and the cohorts involved.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. International Diabetes Federation. IDF Diabetes Atlas, 9th ed.; International Diabetes Federation: Brussels, Belgium, 2019.
2. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes—Global

Burden of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef] [PubMed]
3. Ley, S.H.; Hamdy, O.; Mohan, V.; Hu, F.B. Prevention and management of type 2 diabetes: Dietary components and nutritional

strategies. Lancet 2014, 383, 1999–2007. [CrossRef] [PubMed]
4. Neuenschwander, M.; Ballon, A.; Weber, K.S.; Norat, T.; Aune, D.; Schwingshackl, L.; Schlesinger, S. Role of diet in type 2 diabetes

incidence: Umbrella review of meta-analyses of prospective observational studies. BMJ 2019, 366, l2368. [CrossRef] [PubMed]
5. Fardet, A.; Rock, E. Perspective: Reductionist Nutrition Research Has Meaning Only within the Framework of Holistic and

Ethical Thinking. Adv. Nutr. 2018, 9, 655–670. [CrossRef] [PubMed]
6. Jannasch, F.; Kröger, J.; Schulze, M.B. Dietary patterns and type 2 diabetes: A systematic literature review and meta-analysis of

prospective studies. J. Nutr. 2017, 147, 1174–1182. [CrossRef]
7. Liu, J.; Shang, X.; Chen, Y.; Tang, W.; Yusufu, M.; Chen, Z.; Chen, R.; Hu, W.; Jan, C.; Li, L.; et al. Diet-Wide Association Study for

the Incidence of Type 2 Diabetes Mellitus in Community-Dwelling Adults Using the UK Biobank Data. Nutrients 2023, 16, 103.
[CrossRef]

8. Patel, C.J.; Bhattacharya, J.; Butte, A.J. An environment-wide association study (EWAS) on type 2 diabetes mellitus. PLoS ONE
2010, 5, e10746. [CrossRef]

9. Ahn, Y.; Kwon, E.; Shim, J.; Park, M.; Joo, Y.; Kimm, K.; Park, C.; Kim, D. Validation and reproducibility of food frequency
questionnaire for Korean genome epidemiologic study. Eur. J. Clin. Nutr. 2007, 61, 1435–1441. [CrossRef]

10. Kim, Y.; Kim, Y.-M.; Shin, M.-H.; Koh, S.-B.; Kim, H.C.; Kim, M.K. Empirically identified dietary patterns and metabolic syndrome
risk in a prospective cohort study: The Cardiovascular Disease Association Study. Clin. Nutr. 2022, 41, 2156–2162. [CrossRef]

https://www.mdpi.com/article/10.3390/nu16223798/s1
https://www.mdpi.com/article/10.3390/nu16223798/s1
https://doi.org/10.2991/jegh.k.191028.001
https://www.ncbi.nlm.nih.gov/pubmed/32175717
https://doi.org/10.1016/S0140-6736(14)60613-9
https://www.ncbi.nlm.nih.gov/pubmed/24910231
https://doi.org/10.1136/bmj.l2368
https://www.ncbi.nlm.nih.gov/pubmed/31270064
https://doi.org/10.1093/advances/nmy044
https://www.ncbi.nlm.nih.gov/pubmed/30204836
https://doi.org/10.3945/jn.116.242552
https://doi.org/10.3390/nu16010103
https://doi.org/10.1371/journal.pone.0010746
https://doi.org/10.1038/sj.ejcn.1602657
https://doi.org/10.1016/j.clnu.2022.07.038


Nutrients 2024, 16, 3798 14 of 14

11. The Korean Nutrition Society. CAN-Pro 4.0 for Professionals; The Korean Nutrition Society: Seoul, Republic of Korea, 2011.
12. Lee, J.; Kong, J.-S.; Woo, H.W.; Kim, M.K. Expansion of a food composition database for the food frequency questionnaire in the

Korean Genome and Epidemiology Study (KoGES): A comprehensive database of dietary antioxidants and total antioxidant
capacity. Epidemiol. Health 2024, 46, e2024050. [CrossRef]

13. Hu, F.B.; Stampfer, M.J.; Rimm, E.; Ascherio, A.; Rosner, B.A.; Spiegelman, D.; Willett, W.C. Dietary fat and coronary heart disease:
A comparison of approaches for adjusting for total energy intake and modeling repeated dietary measurements. Am. J. Epidemiol.
1999, 149, 531–540. [CrossRef] [PubMed]

14. Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997,
65, 1220S–1228S. [CrossRef] [PubMed]

15. American Diabetes Association. 2. Classification and diagnosis of diabetes: Standards of medical care in diabetes—2018. Diabetes
Care 2018, 41, S13–S27. [CrossRef] [PubMed]

16. Woodward, M. Epidemiology: Study Design and Data Analysis; CRC Press: Boca Raton, FL, USA, 2013.
17. Callas, P.W.; Pastides, H.; Hosmer, D.W. Empirical comparisons of proportional hazards, poisson, and logistic regression modeling

of occupational cohort data. Am. J. Ind. Med. 1998, 33, 33–47. [CrossRef]
18. Zou, G. A modified poisson regression approach to prospective studies with binary data. Am. J. Epidemiol. 2004, 159, 702–706. [CrossRef]
19. Lee, K.W.; Kang, M.-S.; Lee, S.J.; Kim, H.-R.; Jang, K.-A.; Shin, D. Prospective Associations between Dietary Patterns and

Abdominal Obesity in Middle-Aged and Older Korean Adults. Foods 2023, 12, 2148. [CrossRef]
20. Hu, F.B.; Rimm, E.B.; Stampfer, M.J.; Ascherio, A.; Spiegelman, D.; Willett, W.C. Prospective study of major dietary patterns and

risk of coronary heart disease in men. Am. J. Clin. Nutr. 2000, 72, 912–921. [CrossRef]
21. Mattei, J.; Hu, F.B.; Campos, H. A higher ratio of beans to white rice is associated with lower cardiometabolic risk factors in Costa

Rican adults. Am. J. Clin. Nutr. 2011, 94, 869–872. [CrossRef]
22. Cai, Y.; Yang, X.; Chen, S.; Tian, K.; Xu, S.; Deng, R.; Chen, M.; Yang, Y.; Liu, T. Regular consumption of pickled vegetables and

fermented bean curd reduces the risk of diabetes: A prospective cohort study. Front. Public Health 2023, 11, 1155989. [CrossRef]
23. Tang, J.; Wan, Y.; Zhao, M.; Zhong, H.; Zheng, J.-S.; Feng, F. Legume and soy intake and risk of type 2 diabetes: A systematic

review and meta-analysis of prospective cohort studies. Am. J. Clin. Nutr. 2020, 111, 677–688. [CrossRef]
24. Didinger, C.; Thompson, H.J. The role of pulses in improving human health: A review. Legume Sci. 2022, 4, e147. [CrossRef]
25. de Fátima Garcia, B.; de Barros, M.; de Souza Rocha, T. Bioactive peptides from beans with the potential to decrease the risk of

developing noncommunicable chronic diseases. Crit. Rev. Food Sci. Nutr. 2021, 61, 2003–2021. [CrossRef] [PubMed]
26. Hafiz, M.S.; Campbell, M.D.; O’Mahoney, L.L.; Holmes, M.; Orfila, C.; Boesch, C. Pulse consumption improves indices of glycemic

control in adults with and without type 2 diabetes: A systematic review and meta-analysis of acute and long-term randomized
controlled trials. Eur. J. Nutr. 2022, 61, 809–824. [PubMed]

27. Mattei, J.; Malik, V.; Wedick, N.M.; Hu, F.B.; Spiegelman, D.; Willett, W.C.; Campos, H.; Global Nutrition Epidemiologic Transition
Initiative. Reducing the global burden of type 2 diabetes by improving the quality of staple foods: The Global Nutrition and
Epidemiologic Transition Initiative. Glob. Health 2015, 11, 23. [CrossRef]

28. Zhang, Z.; Kane, J.; Liu, A.Y.; Venn, B.J. Benefits of a rice mix on glycaemic control in Asian people with type 2 diabetes:
A randomised trial. Nutr. Diet. 2016, 73, 125–131. [CrossRef]

29. Kaur, B.; Ranawana, V.; Henry, J. The glycemic index of rice and rice products: A review, and table of GI values. Crit. Rev. Food
Sci. Nutr. 2016, 56, 215–236. [CrossRef] [PubMed]

30. Yu, J.; Balaji, B.; Tinajero, M.; Jarvis, S.; Khan, T.; Vasudevan, S.; Ranawana, V.; Poobalan, A.; Bhupathiraju, S.; Sun, Q. White rice,
brown rice and the risk of type 2 diabetes: A systematic review and meta-analysis. BMJ Open 2022, 12, e065426. [CrossRef]

31. Halvorsen, R.E.; Elvestad, M.; Molin, M.; Aune, D. Fruit and vegetable consumption and the risk of type 2 diabetes: A systematic
review and dose–response meta-analysis of prospective studies. BMJ Nutr. Prev. Health 2021, 4, 519. [CrossRef]

32. Mozaffari, H.; Hosseini, Z.; Lafrenière, J.; Conklin, A.I. The role of dietary diversity in preventing metabolic-related outcomes:
Findings from a systematic review. Obes. Rev. 2021, 22, e13174. [CrossRef]

33. Harrison, A.V.; Lorenzo, F.R.; McClain, D.A. Iron and the pathophysiology of diabetes. Annu. Rev. Physiol. 2023, 85, 339–362.
34. Merritt, M.A.; Tzoulaki, I.; Van Den Brandt, P.A.; Schouten, L.J.; Tsilidis, K.K.; Weiderpass, E.; Patel, C.J.; Tjønneland, A.; Hansen, L.;

Overvad, K. Nutrient-wide association study of 57 foods/nutrients and epithelial ovarian cancer in the European Prospective Investigation
into Cancer and Nutrition study and the Netherlands Cohort Study. Am. J. Clin. Nutr. 2016, 103, 161–167. [CrossRef] [PubMed]

35. Papadimitriou, N.; Muller, D.; van den Brandt, P.A.; Geybels, M.; Patel, C.J.; Gunter, M.J.; Lopez, D.S.; Key, T.J.; Perez-Cornago,
A.; Ferrari, P. A nutrient-wide association study for risk of prostate cancer in the European Prospective Investigation into Cancer
and Nutrition and the Netherlands Cohort Study. Eur. J. Nutr. 2020, 59, 2929–2937. [CrossRef] [PubMed]

36. Ioannidis, J.P. The challenge of reforming nutritional epidemiologic research. JAMA 2018, 320, 969–970. [CrossRef] [PubMed]
37. Giovannucci, E. Nutritional epidemiology: Forest, trees and leaves. Eur. J. Epidemiol. 2019, 34, 319–325. [CrossRef]
38. Poveda, A.; Pomares-Millan, H.; Chen, Y.; Kurbasic, A.; Patel, C.J.; Renström, F.; Franks, P.W. Exposome-wide ranking of

modifiable risk factors for cardiometabolic disease traits. Sci. Rep. 2022, 12, 4088. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4178/epih.e2024050
https://doi.org/10.1093/oxfordjournals.aje.a009849
https://www.ncbi.nlm.nih.gov/pubmed/10084242
https://doi.org/10.1093/ajcn/65.4.1220S
https://www.ncbi.nlm.nih.gov/pubmed/9094926
https://doi.org/10.2337/dc18-S002
https://www.ncbi.nlm.nih.gov/pubmed/29222373
https://doi.org/10.1002/(SICI)1097-0274(199801)33:1%3C33::AID-AJIM5%3E3.0.CO;2-X
https://doi.org/10.1093/aje/kwh090
https://doi.org/10.3390/foods12112148
https://doi.org/10.1093/ajcn/72.4.912
https://doi.org/10.3945/ajcn.111.013219
https://doi.org/10.3389/fpubh.2023.1155989
https://doi.org/10.1093/ajcn/nqz338
https://doi.org/10.1002/leg3.147
https://doi.org/10.1080/10408398.2020.1768047
https://www.ncbi.nlm.nih.gov/pubmed/32478570
https://www.ncbi.nlm.nih.gov/pubmed/34585281
https://doi.org/10.1186/s12992-015-0109-9
https://doi.org/10.1111/1747-0080.12158
https://doi.org/10.1080/10408398.2012.717976
https://www.ncbi.nlm.nih.gov/pubmed/25590950
https://doi.org/10.1136/bmjopen-2022-065426
https://doi.org/10.1136/bmjnph-2020-000218
https://doi.org/10.1111/obr.13174
https://doi.org/10.3945/ajcn.115.118588
https://www.ncbi.nlm.nih.gov/pubmed/26607939
https://doi.org/10.1007/s00394-019-02132-z
https://www.ncbi.nlm.nih.gov/pubmed/31705265
https://doi.org/10.1001/jama.2018.11025
https://www.ncbi.nlm.nih.gov/pubmed/30422271
https://doi.org/10.1007/s10654-019-00488-4
https://doi.org/10.1038/s41598-022-08050-1

	Introduction 
	Materials and Methods 
	Study Population and Design 
	Dietary Assessments, Food Groups, and Nutrients 
	Assessment of Nondietary Factors and Health Examination 
	Ascertainment of Diabetes Incidence 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

