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Abstract

Background

Prior studies have shown that plant-based diets are associated with lower risk of cardiovas-

cular risk factors and incident cardiovascular disease, but risks differed by quality of plant-

based diets. No prospective studies have evaluated the associations between different

types of plant-based diets and incident metabolic syndrome (MetS) and components of

MetS. Furthermore, limited evidence exists in Asian populations who have habitually con-

sumed a diet rich in plant foods for a long period of time.

Methods and findings

Analyses were based on a community-based cohort of 5,646 men and women (40–69 years

of age at baseline) living in Ansan and Ansung, South Korea (2001–2016) without MetS and

related chronic diseases at baseline. Dietary intake was assessed using a validated food fre-

quency questionnaire. Using the responses in the questionnaire, we calculated 4 plant-

based diet indices (overall plant-based diet index [PDI], healthful plant-based diet index

[hPDI], unhealthful plant-based diet index [uPDI], and pro-vegetarian diet index). Higher PDI

score represented greater consumption of all types of plant foods regardless of healthiness.

Higher hPDI score represented greater consumption of healthy plant foods (whole grains,

fruits, vegetables, nuts, legumes, tea and coffee) and lower consumption of less-healthy

plant foods (refined grains, potatoes, sugar-sweetened beverages, sweets, salty foods).

Higher uPDI represented lower consumption of healthy plant foods and greater consump-

tion of less-healthy plant foods. Similar to PDI, higher pro-vegetarian diet score represented

greater consumption of plant foods but included only selected plant foods (grains, fruits,

vegetables, nuts, legumes, potatoes). Higher scores in all plant-based diet indices repre-

sented lower consumption of animal foods (animal fat, dairy, eggs, fish/seafood, meat).

Over a median follow-up of 8 years, 2,583 participants developed incident MetS. Individuals

in the highest versus lowest quintile of uPDI had 50% higher risk of developing incident

MetS, adjusting for demographic characteristics and lifestyle factors (hazard ratio [HR]:
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1.50, 95% CI 1.31–1.71, P-trend < 0.001). When we further adjusted for body mass index

(BMI), those in the highest quintile of uPDI had 24%–46% higher risk of 4 out of 5 individual

components of MetS (abdominal obesity, hypertriglyceridemia, low high-density lipoprotein

[HDL], and elevated blood pressure) (P-trend for all tests� 0.001). Greater adherence to

PDI was associated with lower risk of elevated fasting glucose (HR: 0.80, 95% CI 0.70–

0.92, P-trend = 0.003). No consistent associations were observed for other plant-based diet

indices and MetS. Limitations of the study may include potential measurement error in self-

reported dietary intake, inability to classify a few plant foods as healthy and less-healthy,

lack of data on vegetable oil intake, and possibility of residual confounding.

Conclusions

In this study, we observed that greater adherence to diets consisting of a high intake of

refined carbohydrates, sugars, and salty foods in the framework of plant-based diets was

associated with an elevated risk of MetS. These results suggest that considering the quality

of plant foods is important for prevention of MetS in a population that habitually consumes

plant foods.

Author summary

Why was this study done?

• Plant-based diets have been associated with lower risk of cardiovascular risk factors and

incident cardiovascular disease, but risks have differed by healthiness of plant-based

diets.

• No data are available on how different types of plant-based diets are associated with risk

of metabolic syndrome (MetS), which is strongly predictive of chronic diseases such as

type 2 diabetes, cardiovascular disease, and shorter life span.

• Limited evidence is available in Asian populations, who have different dietary patterns

than Western populations.

What did the researchers do and find?

• We followed 5,646 South Korean middle-aged and older adults who provided data on

their usual dietary intake, medical history, health behaviors, anthropometrics, blood

samples for laboratory analyses, and diagnosis of health outcomes for 8 years (maximum

of 14 years).

• South Korean adults who consumed diets high in less-healthy plant foods (refined

grains, sugars, salty foods) and low in healthy plant foods (whole grains, fruits, vegeta-

bles, nuts, legumes, tea and coffee) and animal foods (animal fat, dairy, eggs, fish/sea-

food, meat, miscellaneous animal foods) had 50% higher risk of developing MetS.

• Such less-healthy plant-based diets were associated with 4 out of 5 components of MetS,

including abdominal obesity, hypertriglyceridemia, low high-density lipoprotein

(HDL), and elevated blood pressure.
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What do these findings mean?

• Plant-based diets high in less-healthy plant foods and low in healthy plant foods have an

adverse association with MetS.

• In an Asian population that has habitually consumed a diet rich in plant foods for a long

period of time, it may be important to consider the quality of plant foods for prevention

of MetS.

Introduction

Metabolic syndrome (MetS) is a cluster of conditions (abdominal obesity, high blood glucose,

hypertriglyceridemia, low high-density lipoprotein cholesterol [HDL-C], and elevated blood

pressure) that is strongly associated with development of type 2 diabetes, cardiovascular dis-

eases, and shorter life span [1,2]. The prevalence of MetS has increased around the world, and

one-third of US adults were estimated to have MetS in 2010 [3]. A recent systematic review

found that the prevalence of MetS is high in the Asia-Pacific region as well, with 31.3% of

South Korean adults having MetS [4].

Diet is an important modifiable risk factor of MetS. Several epidemiological studies have

focused on whether diets high in plant foods and low in animal foods are associated with

MetS, but findings have been mixed. Some studies found that individuals who restrict the

intake of animal-based foods (meat, poultry, fish) have favorable metabolic profiles (lower

body mass index [BMI], lower blood pressure, lower fasting glucose) [5,6], but others reported

no association [7,8] or adverse associations [9–11]. However, many of these studies primarily

used a cross-sectional study design and limited assessment of dietary intake to only animal

foods [5,6]. Intake of plant foods, particularly less-healthy plant foods, such as refined carbohy-

drates or plant foods high in sugar (e.g., sugar-sweetened beverages) and salt have not been

taken into account in these prior studies.

Plant-based diet indices address these limitations, as they assess intake of plant foods and

animal foods, and consider healthiness of plant foods [12]. For instance, the “overall plant-

based diet index” (PDI) assesses adherence to diets higher in plant foods and lower in animal

foods [13–15]. Similar to PDI, the “pro-vegetarian diet index” emphasizes intake of selected

plant foods and lower intake of animal foods [16]. The “healthful plant-based diet index”

(hPDI) measures alignment to diets higher in healthy plant foods (fruits, vegetables, whole

grains, nuts, legumes, tea and coffee) and lower in less-healthy plant foods (e.g., refined grains,

foods high in sugars) and animal foods [13–15]. The “unhealthful plant-based diet index”

(uPDI) is the opposite of hPDI in that it emphasizes higher intake of plants foods high in

refined carbohydrates and sugars in the context of overall plant-based diets [13–15]. Prospec-

tive studies using these plant-based diet indices have found that greater adherence to PDI,

hPDI, and the pro-vegetarian diet index have been associated with less weight gain and lower

risk of hypertension, type 2 diabetes, chronic kidney disease, and cardiovascular disease [12–

15,17]. On the contrary, greater adherence to uPDI has been associated with greater weight

gain and higher risk of hypertension, type 2 diabetes, chronic kidney disease, and cardiovascu-

lar disease [12–15,17].

However, no prospective studies have used these established plant-based diet indices to

assess the associations between plant-based diets and MetS. Furthermore, limited evidence on
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plant-based diets and chronic diseases are available in Asian populations. Given that dietary

patterns of Asian populations contain higher amounts of plant foods than Western popula-

tions—and there may be differences in metabolic and genetic responses [18–20]—it is impor-

tant to investigate whether associations observed in Western populations are consistent with

responses in Asian populations. To our knowledge, only one prospective study on plant-based

diets has been conducted in an Asian population. In Singapore, a prospective cohort study

found that higher adherence to PDI and hPDI was associated with a lower risk of type 2 diabe-

tes [21].

In the present study, we aimed to prospectively evaluate the associations between different

plant-based diet indices (PDI, hPDI, uPDI, and pro-vegetarian diet) and risk of MetS in a com-

munity-based cohort of South Korean adults.

Methods

Study design and study population

The Korean Genome and Epidemiology Study (KoGES) is a prospective cohort study of

10,030 participants (40–69 years of age) living in Ansan and Ansung, near Seoul, South Korea

[22]. Participants were recruited into the study between 2001 and 2002 (baseline) and returned

for biennial follow-up visits until 2016. In KoGES, 62.2% of participants returned for the last

follow-up visit conducted in 2016. The Institutional Review Boards of the Korea Centers for

Disease Control and Prevention and Kyung Hee University (KHGIRB-19-398) approved the

study protocol, and participants provided written informed consent. This study is reported as

per the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)

guideline (S1 Checklist). Our prospective analysis plan is included in S1 Text.

Of 10,030 participants, we excluded 376 participants with implausibly low or high total

energy intake (<500 kcal or >5,000 kcal) and 489 participants with cardiovascular disease

(myocardial infarction, stroke, or angina) or cancer because diagnosis of chronic diseases may

prompt individuals to change their dietary behaviors. We then excluded 3,312 participants

who had MetS at baseline. Lastly, we excluded 207 participants with missing covariates. Our

final analytic sample was 5,646.

Plant-based diet scores

At baseline and at visit 3 (2005–2006), participants’ usual intake of foods and beverages was

assessed with a validated 106-item semiquantitative food frequency questionnaire [23] (S2

Text). Participants reported the frequency and the portion size of food consumption in the

previous year. The food frequency questionnaire had 9 options to select from for frequency of

consumption, ranging from “almost never” to “3 times per day,” and had 3 options for serving

size (0.5 serving, 1 serving, and 2 servings) [24]. Nutrient intake was calculated by multiplying

the amount of consumption and nutrient composition of each food using a food composition

table from the Korean Nutrition Society [25].

We used cumulative average to incorporate 2 dietary assessments (averaging dietary intakes

at baseline and visit 3). When participants developed MetS before visit 3 or did not complete

the questionnaire at visit 3, only dietary intakes from the baseline were used.

We calculated 4 plant-based diet indices (PDI, hPDI, uPDI, and pro-vegetarian diet index)

based on the responses from the food frequency questionnaire. All food items listed in the

food frequency questionnaire were included in the calculation of the plant-based diet indices.

A detailed description of the calculation of each diet index and differences and similarities

between the indices has been described in previous papers [12,13,16]. Briefly, all food items

were categorized into 17 food groups for the PDI, hPDI, and uPDI and 11 food groups for the
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pro-vegetarian diet index (S1 Table). These food groups were classified as healthy plant foods

(whole grains, fruits, vegetables, nuts, legumes, tea and coffee), less-healthy plant foods

(refined grains, potatoes, sugar-sweetened beverages, sweets and desserts, salty foods), and ani-

mal foods (animal fat, dairy, eggs, fish or seafood, meat, miscellaneous animal foods) for the

PDI, hPDI, and uPDI consistent with prior studies, and plant foods (grains, fruits, vegetables,

nuts, legumes, potatoes) and animal foods (animal fat, dairy, eggs, fish or seafood, meat) for

the pro-vegetarian diet index. We modified the PDI, hPDI, and uPDI by adding a “salty foods”

category, which included pickled and salted vegetables—which are often preserved in soy

sauce or salt for a long time—to take into account high consumption of these items in this pop-

ulation and by removing “vegetable oil” and “fruit juices” categories because oil intake was not

assessed in the questionnaire and fruit juices were asked together with fruits.

Then, for each food group, we adjusted for total energy intake using the residual method

and ranked participants by quintiles [26,27]. Briefly, participants’ intakes of each food group

were regressed on their total energy intake, and then residuals were calculated by subtracting

predicted intakes from observed intakes. We used residuals of each food group to rank partici-

pants by quintiles, because residuals are independent of amount of food consumed. For the

PDI and pro-vegetarian diet index, all plant foods were positively scored. For example, individ-

uals in the highest quintile of vegetable consumption received a score of 5, and those in the

lowest quintile received a score of 1. For the hPDI, only healthy plant foods were positively

scored. For the uPDI, only less-healthy plant foods were positively scored. In all plant-based

diet indices, animal foods were negatively scored. For instance, those in the highest quintile of

meat consumption received a score of 1, and those in the lowest quintile received a score of 5.

Thus, higher scores in all plant-based diet indices represented lower consumption of animal

foods. Higher PDI score represented greater consumption of all types of plant foods regardless

of healthiness. Higher hPDI score represented greater consumption of healthy plant foods and

lower consumption of less-healthy plant foods. Higher uPDI score represented lower con-

sumption of healthy plant foods and greater consumption of less-healthy plant foods. Higher

pro-vegetarian diet score was similar to PDI in that it represented greater consumption of all

plant foods, but different in that it did not score some food groups (tea and coffee, sugar-

sweetened beverages, sweets, salty foods, miscellaneous animal foods). After adding up the

scores across each food group, we divided the overall index scores into quintiles for analyses to

reflect the design of the plant-based diet indices, and to be consistent with prior studies

[12,28]. The theoretical range of PDI, hPDI, and uPDI was 17 to 85 and of the pro-vegetarian

diet index was 11 to 55.

In the present study, PDI and pro-vegetarian diet index showed the highest Spearman cor-

relation (ρ = 0.71), but other diet indices showed lower correlations with each other ranging

from −0.19 between uPDI and hPDI to 0.61 between hPDI and the pro-vegetarian diet index.

Measurement

At each visit, participants self-reported their medical history and medication use. Trained staff

measured participants’ height, weight, waist circumference, blood pressure, and biochemical

tests biennially. The study procedures have been described in detail previously [29]. Partici-

pants wore light clothing and had no shoes when height, weight, and waist circumference were

measured to the nearest 0.1 cm or 0.1 kg. For waist circumference, the narrowest point

between the lowest rib and the uppermost border of the iliac crest was measured 3 times and

averaged. A Baumanometer mercury sphygmomanometer (W.A. Baum Co., Copiague, NY)

was used to measure blood pressure after participants rested for 5 minutes in a sitting position

using a standardized protocol. Systolic (SBP) and diastolic blood pressure (DBP) were
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measured in both arms twice, and values were averaged. Participants provided blood samples

after�8 hours of fasting. At each site, blood samples were centrifuged and refrigerated at 4˚C

until they were transported to a central clinical laboratory. At the clinical laboratory, blood

samples were stored at −80˚C until analyses. An autoanalyzer (ADVIA 1650, Bayer Health-

Care, Tarrytown, NY) was used to assess the concentrations of glucose, triglycerides, and

HDL-C enzymatically using a standardized protocol. All instruments were calibrated before

analysis using a calibrator, and only the values that were within the limit of detection were

reported. A reliability study showed that laboratory assessment of these biomarkers is highly

reproducible, with Pearson’s correlation >0.99 [30].

Ascertainment of MetS

We defined MetS based on the criteria established by the National Cholesterol Education Pro-

gram Adult Treatment Panel III and modified by the American Heart Association and the

National Heart, Lung, and Blood Institute [2]. Incident MetS was defined as having 3 or more

of the following conditions: (1) abdominal obesity (waist circumference�80 cm for women,

or�90 cm for men), (2) high fasting blood glucose (fasting blood glucose�100 mg/dL, doc-

tor’s diagnosis of diabetes mellitus, or diabetes medication use), (3) hypertriglyceridemia (con-

centration of plasma triglycerides�150 mg/dL), (4) low HDL-C (concentration of plasma

HDL-C <50 mg/dL for women, or <40 mg/dL for men), and (5) elevated blood pressure (SBP

�130 mmHg, DBP�85 mmHg, doctor’s diagnosis of hypertension, or antihypertensive medi-

cation use). Previous studies in Koreans used these criteria to define incident MetS [31,32].

Follow-up period was calculated as the time from baseline examination until the date of MetS

event or censoring. We defined censoring as participants who did not return for follow-up.

Participants may not have returned for follow-up due to death, but data on vital status were

not available in this data set.

Covariates

Participants completed structured questionnaires to report demographic characteristics (age,

sex, education) and lifestyle factors (total energy intake, physical activity, smoking status, and

alcohol intake). We categorized education level into<6 years, 7 to�12 years, and>12 years.

We calculated metabolic equivalent of task (MET) per day for each participant by accounting

for types and intensity of physical activity [33]. Smoking habits were categorized into never,

former, and current smokers. Alcohol consumption (grams/day) was divided into quartiles.

We calculated BMI (kilograms divided by meters squared) from measured height (centime-

ters) and weight (kilograms). Models were adjusted for age, total energy intake, physical activ-

ity, and BMI as continuous variables.

Statistical analyses

All data were analyzed using STATA version 14 (StataCorp LP, College Station, TX), and

P< 0.05 was considered statistically significant.

We examined baseline characteristics of the study population by quintiles of plant-based

diet indices using ANOVA for continuous variables and chi-squared test for categorical vari-

ables. Then, we compared nutritional characteristics by quintiles of all diet indices. Macronu-

trients were expressed as a percentage of total energy intake. Fiber and micronutrients were

expressed per 1,000 kcal.

We used 3 nested Cox proportional hazards models to evaluate the associations between

plant-based diets and incident MetS. Length of follow-up time was used as the time metric.

We verified that there was no violation of the proportionality assumption by assessing
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Schoenfeld residuals and log(-log) plots. In model 1, we adjusted for age, sex, and total energy

intake. In model 2, we additionally adjusted for education, physical activity, smoking status,

and alcohol intake. In model 3, we additionally adjusted for BMI. Linear trends were tested by

using the median score within each quintile. We analyzed all plant-based diets continuously

using per standard deviation (SD) higher to compare the indices in a standardized manner.

Next, we examined whether plant-based diets were associated with individual components of

MetS (abdominal obesity, high fasting glucose, hypertriglyceridemia, low HDL-C, and elevated

blood pressure) in the fully adjusted models. Lastly, we tested for effect modification by sex,

given that prior studies of the relationship between diet and disease reported that associations

may differ between men and women [31]. However, we did not stratify the results by sex

because no significant interaction was observed (P for interaction� 0.05).

As a post hoc analysis, we visually depicted the associations between plant-based diet indi-

ces and MetS using restricted cubic splines with 4 knots at 5th, 35th, 65th, and 95th percentiles.

As sensitivity analyses, we excluded individuals who developed incident cardiovascular dis-

eases (myocardial infarction, stroke, or angina, n = 109) or incident diabetes (self-reported dia-

betes, diabetes medication use, fasting glucose�126 mg/dL, n = 90) before developing MetS.

Results

PDI ranged from 31 to 72, hPDI ranged from 30 to 74, uPDI ranged from 30 to 74, and pro-

vegetarian diet index ranged from 13 to 51 (Table 1). Those in the highest quintiles of PDI,

hPDI, and pro-vegetarian diet index were more likely to be women, to be never smokers, to be

more physically active, and to consume lower amounts of alcohol. In contrast, those in the

highest quintile of uPDI were more likely to be men and to consume higher amounts of alco-

hol and less likely to be never smokers. Trends in other demographic characteristics (i.e., edu-

cation) and SBP were similar for all diet indices.

Those in the highest quintiles of all plant-based diet indices consumed higher amounts of

carbohydrate as a percentage of total energy intake, lower protein, fat, and cholesterol (S2

Table). Those in the highest quintiles of PDI, hPDI, and pro-vegetarian diet index generally

consumed more nutrients than those in the lowest quintiles, with higher consumption of fiber,

iron, potassium, vitamin C, folate, and beta-carotene. On the contrary, those in the highest

quintile of uPDI had higher total energy intake and sodium but lower amounts of fiber and

micronutrients, such as calcium, phosphorous, iron, potassium, niacin, vitamin C, vitamin B-

6, beta-carotene, and vitamin E. Differences in fiber intake appeared to be slightly greater

across quintiles of PDI compared to other plant-based diet indices.

Over a median follow-up of 8 years, 2,583 (45.7%) participants developed incident MetS.

There was a strong linear association between higher uPDI score and incident MetS (Fig 1). In

model 2, those in the highest quintile of uPDI had 50% higher (hazard ratio [HR]: 1.50, 95%

CI 1.31–1.71, P-trend < 0.001) risk of developing incident MetS compared to those in the low-

est quintile of uPDI when we adjusted for demographic characteristics and lifestyle factors

(Table 2). When uPDI was modeled continuously, per-1-SD higher score was associated with

16% higher (HR: 1.16, 95% CI 1.11–1.21) risk of incident MetS. This association were slightly

attenuated but still remained significant when BMI was additionally adjusted. For PDI and

hPDI, only individuals in quintile 4 had a lower risk of MetS relative to those in quintile 1, and

this association was reflected when we visually depicted the relation between these indices

with incident MetS (S1 Fig). No consistent association was observed for pro-vegetarian diet

index.

In the fully adjusted models, greater adherence to uPDI was significantly associated with 4

out of 5 individual components of MetS (Table 3). Those in the highest quintile of uPDI had
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Table 1. Baseline characteristics of KoGES according to quintiles of plant-based diet indices (N = 5,646)a.

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

PDI

Sample size, n 1,390 1,225 863 1,076 1,092

Median score (range) 45 (31–47) 49 (48–50) 51 (51–52) 54 (53–55) 58 (56–72)

Women, % 42.7 48.2 47.3 52.4 50.7

Age (years) 49.0 (8.0) 50.4 (8.5) 51.6 (8.9) 51.7 (8.7) 52.4 (8.9)

Education

�6 years, % 18.8 25.2 29.5 29.6 35.8

7–12 years, % 21.9 23.6 21.8 24.6 25.2

>12 years, % 59.3 51.2 48.7 45.7 39.0

Smoking status

Never smoker,% 51.9 56.4 57.2 59.8 58.2

Former smoker, % 17.0 18.1 15.1 14.8 16.6

Current smoker, % 31.2 25.5 27.7 25.5 25.3

BMI (kg/m2) 23.8 (2.9) 23.7 (2.8) 23.7 (2.8) 23.7 (2.9) 24.0 (3.0)

Alcohol (g/wk) 12.5 (24.5) 10.4 (22.3) 9.8 (19.7) 8.2 (18.1) 8.6 (23.1)

Total energy intake (kcal/d) 2,020.2 (549.9) 1,872.4 (521.1) 1,802.7 (480.5) 1,831.1 (534.9) 1,922.8 (513.9)

Exercise (MET/d) 21.8 (14.4) 22.7 (14.5) 23.7 (15.2) 23.5 (14.7) 25.7 (15.8)

Waist circumference (cm) 80.2 (7.8) 79.8 (7.9) 79.9 (7.8) 79.3 (8.0) 80.8 (8.3)

Fasting plasma glucose (mg/dL) 89.3 (16.8) 89.1 (17.2) 88.5 (14.6) 87.7 (13.5) 88.5 (15.6)

Triglycerides (mg/dL) 124.4 (81.0) 125.1 (90.1) 128.6 (93.2) 119.8 (67.6) 123.3 (77.2)

HDL-C (mg/dL) 51.9 (11.8) 52.1 (11.6) 52.1 (11.6) 53.0 (12.0) 51.8 (11.5)

SBP (mmHg) 115.3 (16.4) 116.0 (16.8) 116.9 (17.7) 116.3 (18.1) 117.7 (17.4)

DBP (mmHg) 77.3 (11.3) 77.1 (11.5) 77.2 (11.2) 77.0 (11.4) 78.1 (11.3)

Healthy plant foods (servings/d)b 8.6 (4.1) 9.3 (4.0) 9.4 (4.0) 10.5 (4.5) 12.2 (4.8)

Less-healthy plant foods (servings/d)c 6.8 (2.8) 7.0 (3.0) 7.3 (2.8) 7.8 (3.1) 8.9 (3.2)

Animal foods (servings/d)d 4.2 (2.2) 3.5 (1.9) 3.1 (1.7) 3.1 (1.8) 2.8 (1.8)

hPDI

Sample size, n 1,348 1,006 1,342 866 1,084

Median score (range) 44 (30–46) 48 (47–49) 51 (50–53) 55 (54–56) 59 (57–74)

Women, % 35.2 42.9 49.1 56.7 60.2

Age (years) 49.4 (8.4) 50.7 (8.8) 51.1 (8.7) 51.2 (8.3) 52.3 (8.8)

Education

�6 years, % 20.7 26.5 29.1 29.4 31.8

7–12 years, % 22.3 23.4 22.7 25.2 24.2

>12 years, % 57.0 50.1 48.2 45.4 44.0

Smoking status

Never smoker,% 44.0 51.1 59.2 63.5 67.5

Former smoker, % 17.8 19.3 15.0 15.1 14.9

Current smoker, % 38.2 29.6 25.8 21.4 17.5

BMI (kg/m2) 23.8 (2.8) 23.6 (2.8) 23.6 (2.8) 24.0 (3.0) 23.9 (3.0)

Alcohol (g/wk) 13.7 (25.3) 9.9 (20.7) 9.4 (20.5) 8.6 (20.6) 7.6 (21.1)

Total energy intake (kcal/d) 1,915.5 (543.4) 1,798.1 (537.5) 1,835.7 (505.7) 1,925.5 (504.1) 2,034.6 (521.6)

Exercise (MET/d) 21.9 (14.4) 23.5 (15.3) 23.9 (15.2) 23.7 (14.8) 24.2 (15.0)

Waist circumference (cm) 80.5 (7.8) 79.7 (7.8) 79.5 (7.6) 80.2 (8.5) 80.4 (8.3)

Fasting plasma glucose (mg/dL) 88.1 (11.8) 88.7 (15.8) 88.6 (15.6) 88.6 (17.6) 89.4 (18.5)

Triglycerides (mg/dL) 132.3 (95.6) 125.1 (89.3) 118.8 (70.7) 120.0 (72.9) 122.8 (75.8)

HDL-C (mg/dL) 50.8 (11.6) 52.2 (11.9) 52.4 (11.5) 53.3 (11.8) 52.6 (11.8)

(Continued)
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Table 1. (Continued)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

SBP (mmHg) 115.0 (16.3) 116.2 (17.8) 117.1 (17.2) 115.6 (16.5) 117.8 (18.3)

DBP (mmHg) 77.1 (11.2) 77.4 (11.6) 77.5 (11.2) 77.1 (11.2) 77.7 (11.8)

Healthy plant foods (servings/d)b 8.1 (3.6) 8.7 (4.1) 9.7 (4.1) 11.1 (4.4) 12.7 (4.7)

Less-healthy plant foods (servings/d)c 9.2 (2.9) 7.8 (2.9) 7.2 (2.9) 6.7 (2.9) 6.2 (2.9)

Animal foods (servings/d)d 4.3 (2.0) 3.4 (2.1) 3.2 (1.8) 3.1 (1.8) 2.7 (1.6)

uPDI

Sample size, n 1,292 1,100 1,245 990 1,019

Median score (range) 43 (30–45) 48 (46–49) 52 (50–53) 55 (54–57) 60 (58–74)

Women, % 65.8 51.2 45.5 37.3 35.5

Age (years) 48.6 (7.6) 50.0 (8.4) 51.2 (8.6) 52.5 (9.1) 52.6 (9.0)

Education

�6 years, % 13.1 23.5 28.6 36.1 38.9

7–12 years, % 21.4 23 24.7 21.9 26.1

>12 years, % 65.5 53.5 46.7 42.0 35.0

Smoking status

Never smoker,% 69.8 59.2 53.9 47.5 48.1

Former smoker, % 12.5 17.5 17.3 17.2 18.4

Current smoker, % 17.7 23.3 28.8 35.4 33.5

BMI (kg/m2) 23.9 (2.7) 23.8 (2.9) 23.7 (2.8) 23.6 (2.8) 23.9 (3.1)

Alcohol (g/wk) 7.6 (19.4) 9.6 (20.6) 11.0 (23.7) 11.9 (24.1) 10.7 (22.0)

Total energy intake (kcal/d) 1,821.2 (493.9) 1,860.9 (512.0) 1,852.1 (475.0) 1,916.0 (539.5) 2,085.2 (596.8)

Exercise (MET/d) 20.1 (17.8) 22.0 (13.6) 23.9 (15.4) 24.5 (15.7) 27.3 (17.2)

Waist circumference (cm) 78.3 (7.7) 79.5 (7.9) 80.2 (8.0) 80.7 (7.7) 81.9 (8.1)

Fasting plasma glucose (mg/dL) 89.3 (18.7) 88.9 (16.6) 88.1 (12.9) 89.1 (17.6) 87.8 (11.4)

Triglycerides (mg/dL) 113.8 (58.1) 121.6 (87.9) 125.4 (80.9) 129.9 (90.7) 132.7 (91.8)

HDL-C (mg/dL) 53.1 (12.0) 52.3 (11.4) 52.0 (11.3) 51.8 (12.2) 51.1 (11.4)

SBP (mmHg) 113.2 (16.3) 114.9 (17.2) 116.4 (16.9) 118.6 (17.8) 119.5 (17.4)

DBP (mmHg) 75.5 (11.6) 76.9 (11.1) 77.5 (10.9) 78.6 (11.9) 78.9 (11.0)

Healthy plant foods (servings/d)b 12.1 (4.1) 10.8 (4.5) 9.5 (4.1) 8.7 (4.4) 8.0 (4.2)

Less-healthy plant foods (servings/d)c 5.8 (2.3) 6.8 (2.6) 7.4 (2.7) 8.3 (2.9) 9.7 (3.3)

Animal foods (servings/d)d 4.2 (1.9) 3.7 (1.9) 3.3 (1.9) 3.0 (1.9) 2.6 (1.8)

Pro-vegetarian diet index

Sample size, n 1,303 1,250 928 1,183 982

Median score (range) 27 (13–29) 31 (30–32) 33 (33–34) 36 (35–37) 40 (38–51)

Women, % 32.5 45.8 50.4 55.4 60.2

Age (years) 48.3 (7.6) 50.1 (8.3) 50.9 (8.6) 52.0 (8.9) 53.9 (9.1)

Education

�6 years, % 14.6 21.7 27.9 33.2 43.1

7–12 years, % 20.1 24.4 25.3 24 23.9

>12 years, % 65.3 53.9 46.8 42.8 33.0

Smoking status

Never smoker, % 41.9 53.3 58.7 64.6 67.5

Former smoker, % 19.3 17.6 15.9 14.8 13.6

Current smoker, % 38.8 29.1 25.3 20.6 18.8

BMI (kg/m2) 23.9 (2.7) 23.7 (2.8) 23.8 (2.8) 23.7 (2.9) 23.8 (3.2)

Alcohol (g/wk) 14.7 (25.9) 9.9 (20.4) 9.4 (22.4) 8.1 (19.3) 7.0 (20.0)

Total energy intake (kcal/d) 2,052.4 (529.1) 1,839.1 (513.1) 1,818.2 (508.4) 1,830.5 (507.3) 1,936.5 (550.0)
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46% higher (HR: 1.46, 95% CI 1.25–1.71, P-trend < 0.001) risk of developing abdominal obe-

sity, 26% higher (HR: 1.26, 95% CI 1.08–1.46, P-trend = 0.001) risk of developing hypertrigly-

ceridemia, 25% higher (HR: 1.25, 95% CI 1.09–1.43, P-trend = 0.001) risk of developing low

HDL-C, and 24% higher (HR: 1.24, 95% CI 1.06–1.45, P-trend = 0.001) risk of developing ele-

vated blood pressure relative to those in the lowest quintile of uPDI.

Table 1. (Continued)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Exercise (MET/d) 21.2 (13.8) 23.0 (14.5) 23.7 (14.9) 23.8 (15.3) 25.9 (16.0)

Waist circumference (cm) 80.6 (7.6) 79.6 (7.8) 79.7 (7.8) 79.7 (8.0) 80.4 (8.7)

Fasting plasma glucose (mg/dL) 88.7 (14.1) 89.4 (17.9) 88.4 (16.1) 88.2 (14.2) 88.6 (16.4)

Triglycerides (mg/dL) 126.8 (88.8) 127.8 (89.7) 122.3 (70.8) 122.8 (79.7) 119.1 (74.4)

HDL-C (mg/dL) 51.0 (11.6) 51.7 (11.9) 52.5 (11.3) 53.2 (11.8) 52.7 (11.7)

SBP (mmHg) 114.3 (15.4) 115.5 (17.3) 115.8 (17.1) 117.7 (17.5) 119.1 (18.7)

DBP (mmHg) 77.0 (11.1) 77.1 (11.4) 77.1 (11.4) 77.6 (11.4) 78.0 (11.6)

Healthy plant foods (servings/d)b 9.3 (4.0) 9.2 (4.1) 9.7 (10.0) 10.0 (4.5) 11.9 (5.2)

Less-healthy plant foods (servings/d)c 8.1 (3.0) 7.2 (3.0) 7.2 (2.9) 7.2 (3.1) 7.7 (3.2)

Animal foods (servings/d)d 4.9 (2.1) 3.6 (1.7) 3.1 (1.6) 2.7 (1.6) 2.3 (1.5)

aThe quintiles do not have equal sample size because many participants received the same scores.
bHealthy plant foods are aggregated consumption of whole grains, fruits, vegetables, nuts, legumes, and tea and coffee.
cLess-healthy plant foods are aggregated consumption of refined grains, potatoes, sugar sweetened beverages, sweets and desserts, and salty food group.
dAnimal foods are aggregated consumption of animal fat, dairy, eggs, fish, meat, and miscellaneous animal foods.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; hPDI, healthful plant-based diet index; KoGES,

Korean Genome and Epidemiology Study; MET, metabolic equivalent of task; PDI, overall plant-based diet index; SBP, systolic blood pressure; uPDI, unhealthful plant-

based diet index

https://doi.org/10.1371/journal.pmed.1003371.t001

Fig 1. Adjusted HRs and 95% confidence intervals for incident MetS according to the continuous uPDI. The

histogram in gray shows the distribution of uPDI. The solid lines represent the adjusted HRs for incident MetS,

modeled using restricted cubic splines with 4 knots (5th, 35th, 65th, 95th percentiles). The reference point was set at

the 5th percentile. The dashed lines represent 95% confidence intervals. HRs were adjusted for age, sex, total energy

intake, education, physical activity, smoking status, alcohol intake, and BMI. BMI, body mass index; HR, hazard ratio;

MetS, metabolic syndrome; uPDI, unhealthful plant-based diet index.

https://doi.org/10.1371/journal.pmed.1003371.g001
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When we examined components of MetS, greater adherence to PDI was associated with

20% lower (HR: 0.80, 95% CI 0.70–0.92, P-trend = 0.003) risk of developing high fasting glu-

cose. No consistent associations between other plant-based diet indices and MetS were

observed

Table 2. Prospective associations between plant-based diet indices and incident MetS (N = 5,646)a.

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend Per SDb

PDI

Number of cases 625 576 389 454 539

Person-years 11,941.4 10,416.7 7,606.1 9,463.0 8,971.6

Model 1 Ref 1.02

(0.91–1.14)

0.92

(0.81–1.05)

0.84

(0.75–0.95)

1.02

(0.90–1.14)

0.42 0.98

(0.94–1.02)

Model 2 Ref 1.02

(0.91–1.14)

0.92

(0.81–1.05)

0.85

(0.75–0.96)

1.01

(0.90–1.14)

0.37 0.98

(0.94–1.02)

Model 3 Ref 1.00

(0.89–1.12)

0.87

(0.76–1.00)

0.83

(0.73–0.94)

0.96

(0.82–1.04)

0.08 0.96

(0.92–1.00)

hPDI

Number of cases 590 455 619 384 535

Person-years 10,972.9 8,854.5 11,843.7 7,728.5 8,972.2

Model 1 Ref 0.91

(0.81–1.03)

0.90

(0.80–1.01)

0.84

(0.74–0.96)

0.95

(0.85–1.07)

0.35 0.97

(0.93–1.01)

Model 2 Ref 0.93

(0.82–1.05)

0.92

(0.82–1.03)

0.86

(0.75–0.98)

0.98

(0.87–1.11)

0.63 0.98

(0.94–1.02)

Model 3 Ref 0.94

(0.83–1.07)

0.93

(0.83–1.04)

0.82

(0.72–0.94)

0.97

(0.86–1.10)

0.37 0.96

(0.93–1.00)

uPDI

Number of cases 525 475 577 417 535

Person-years 12,176.9 10,068.0 10,612.8 8,021.9 7,492.2

Model 1 Ref 1.08

(0.95–1.22)

1.23

(1.09–1.39)

1.31

(1.15–1.49)

1.57

(1.39–1.79)

<0.001 1.18

(1.14–1.23)

Model 2 Ref 1.05

(0.93–1.19)

1.18

(1.05–1.33)

1.23

(1.08–1.41)

1.50

(1.31–1.71)

<0.001 1.16

(1.11–1.21)

Model 3 Ref 1.03

(0.91–1.17)

1.18

(1.04–1.33)

1.26

(1.11–1.44)

1.44

(1.26–1.64)

<0.001 1.15

(1.11–1.21)

Pro-vegetarian diet index

Number of cases 565 557 396 551 514

Person-years 11,466.1 11,011.1 8,178.5 10,131.7 7,584.4

Model 1 Ref 0.97

(0.86–1.09)

0.89

(0.78–1.02)

0.97

(0.86–1.10)

1.11

(0.98–1.26)

0.11 1.03

(0.99–1.07)

Model 2 Ref 0.98

(0.87–1.10)

0.90

(0.79–1.03)

0.98

(0.87–1.11)

1.11

(0.98–1.26)

0.12 1.03

(0.99–1.07)

Model 3 Ref 1.01

(0.89–1.13)

0.90

(0.79–1.03)

1.00

(0.89–1.13)

1.10

(0.97–1.25)

0.22 1.02

(0.98–1.06)

Model 1 was adjusted for age, sex, and total energy intake. Model 2 was adjusted for age, sex, total energy intake, education, physical activity, smoking status, and alcohol

intake. Model 3 was adjusted for age, sex, total energy intake, education, physical activity, smoking status, alcohol intake, and BMI.
aThe quintiles do not have equal sample size because many participants received the same scores.
bIn the continuous analysis, expressed per SD higher score, PDI had an SD of 5.3, hPDI had an SD of 6.3, uPDI had an SD of 6.9, and pro-vegetarian diet index had an

SD of 5.0.

Abbreviations: BMI, body mass index; hPDI, healthful plant-based diet index; MetS, metabolic syndrome; PDI, overall plant-based diet index; SD, standard deviation;

uPDI, unhealthful plant-based diet index

https://doi.org/10.1371/journal.pmed.1003371.t002
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Table 3. Prospective associations between plant-based diet indices and individual components of incident MetS (N = 5,646).

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend

PDI

Abdominal obesity Ref 0.99

(0.86–1.13)

0.98

(0.84–1.14)

0.96

(0.84–1.11)

0.95

(0.82–1.09)

0.41

Hypertriglyceridemia Ref 1.02

(0.89–1.16)

0.99

(0.86–1.15)

0.95

(0.83–1.09)

0.98

(0.85–1.13)

0.59

Low HDL-C Ref 1.11

(0.98–1.25)

1.10

(0.97–1.25)

1.06

(0.94–1.20)

1.13

(0.99–1.27)

0.15

High fasting glucose Ref 0.89

(0.78–1.01)

0.92

(0.79–1.06)

0.85

(0.74–0.97)

0.80

(0.70–0.92)

0.003

Elevated blood pressure Ref 0.97

(0.84–1.11)

0.95

(0.82–1.11)

0.97

(0.84–1.12)

1.01

(0.87–1.16)

0.97

hPDI

Abdominal obesity Ref 1.01

(0.87–1.17)

1.04

(0.91–1.19)

0.97

(0.83–1.13)

1.04

(0.89–1.20)

0.87

Hypertriglyceridemia Ref 0.95

(0.82–1.09)

0.88

(0.77–1.00)

0.84

(0.72–0.97)

1.00

(0.87–1.15)

0.65

Low HDL-C Ref 0.92

(0.81–1.05)

0.97

(0.87–1.09)

0.98

(0.86–1.11)

1.08

(0.95–1.22)

0.15

High fasting glucose Ref 1.00

(0.87–1.14)

0.97

(0.85–1.11)

0.89

(0.77–1.04)

1.01

(0.88–1.16)

0.79

Elevated blood pressure Ref 0.98

(0.85–1.13)

1.06

(0.93–1.21)

0.98

(0.84–1.14)

0.93

(0.80–1.07)

0.31

uPDI

Abdominal obesity Ref 1.01

(0.87–1.16)

1.26

(1.10–1.45)

1.14

(0.98–1.34)

1.46

(1.25–1.71)

<0.001

Hypertriglyceridemia Ref 0.94

(0.82–1.08)

1.05

(0.91–1.20)

1.13

(0.97–1.31)

1.26

(1.08–1.46)

0.001

Low HDL-C Ref 0.96

(0.85–1.09)

1.06

(0.94–1.20)

1.20

(1.05–1.36)

1.25

(1.09–1.43)

0.001

High fasting glucose Ref 1.03

(0.90–1.19)

0.93

(0.81–1.08)

0.97

(0.83–1.13)

1.06

(0.91–1.24)

0.31

Elevated blood pressure Ref 0.99

(0.85–1.15)

1.04

(0.90–1.21)

1.14

(0.98–1.34)

1.24

(1.06–1.45)

0.001

Pro-vegetarian diet index

Abdominal obesity Ref 0.90

(0.78–1.03)

0.97

(0.83–1.13)

0.93

(0.81–1.08)

0.99

(0.84–1.15)

0.92

Hypertriglyceridemia Ref 0.90

(0.79–1.03)

0.93 (0.80–1.07) 0.93

(0.81–1.07)

1.02

(0.88–1.18)

0.68

Low HDL-C Ref 1.06

(0.94–1.20)

1.02

(0.90–1.17)

1.16

(1.00–1.31)

1.12

(0.98–1.28)

0.07

High fasting glucose Ref 0.92

(0.80–1.05)

0.96

(0.83–1.10)

0.91

(0.79–1.05)

0.93

(0.80–1.08)

0.38

Elevated blood pressure Ref 0.93

(0.81–1.07)

0.90

(0.77–1.05)

0.92

(0.80–1.06)

0.99

(0.85–1.16)

0.92

Model was adjusted for age, sex, total energy intake, education, physical activity, smoking status, alcohol intake, and BMI.
1The quintiles do not have equal sample size because many participants received the same scores.

Abbreviations: BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; hPDI, healthful plant-based diet index; MetS, metabolic syndrome; PDI, overall

plant-based diet index; uPDI, unhealthful plant-based diet index

https://doi.org/10.1371/journal.pmed.1003371.t003
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Sensitivity analyses

When we excluded individuals who developed incident cardiovascular disease or diabetes dur-

ing follow-up, the associations did not change substantially in the fully adjusted model (HR for

hPDIquintile 5 vs. quintile 1: 0.98, 95% CI 0.87–1.11, P-trend = 0.47; HR for uPDIquintile 5 vs. quintile 1:

1.48, 95% CI 1.29–1.69, P-trend< 0.001; HR for pro-vegetarianquintile 5 vs. quintile 1: 1.12, 95% CI

0.99–1.27, P-trend = 0.12). The trend was significant for PDI, but the HR for quintile 5 versus

quintile 1 was not significant (HR for PDIquintile 5 vs. quintile 1: 0.93, 95% CI 0.83–1.05, P-trend =

0.04).

Discussion

In a community-based cohort of South Korean adults, greater adherence to less-healthy plant-

based diets (diets high in refined carbohydrates, sugars, and salted vegetables and low in

healthy plant foods and animal foods, captured by uPDI) was associated with a higher risk of

incident MetS, adjusting for demographic characteristics and lifestyle factors. This association

remained significant when BMI was additionally adjusted, and greater adherence to plant-

based diets rich in less-healthy plant foods was consistently associated with individual compo-

nents of MetS (abdominal obesity, hypertriglyceridemia, low HDL-C, elevated blood pressure).

Higher adherence to PDI was associated with a lower risk of high fasting glucose. There was

no association between other types of plant-based diets (hPDI and pro-vegetarian diet) and

MetS.

Our findings on uPDI and incident MetS are generally in agreement with prior studies con-

ducted in Western populations. In the Nurses’ Health Study, Nurses’ Health Study 2, and

Health Professionals Follow-Up Study, a 1-SD increase in uPDI was associated with greater

weight gain and higher risk of incident type 2 diabetes [15]. In the Atherosclerosis Risk in

Communities (ARIC) Study, a community-based cohort of generally healthy US adults, those

in the highest quintile of uPDI had a higher risk of incident hypertension [12]. However, our

findings differed from a study by Spanish university graduates that found that an unhealthy

plant-based food pattern developed from their own cohort was not associated with incident

obesity [28]. Our results add to these existing studies by showing that consumption of less-

healthy plant foods in the framework of overall plant-based diets may be associated with a

more proximal risk factor to these cardiovascular risk factors among populations who habitu-

ally consume a diet that is rich in plant foods for a long period.

The nutrition composition of uPDI may explain how greater adherence to uPDI may be

associated with incident MetS. Those in the highest quintile of uPDI consumed higher total

energy intake and sodium but lower amounts of fiber, micronutrients, and antioxidants. Fiber

plays an important role in carbohydrate metabolism and weight gain, and fiber intake has

been associated with lower risk of inflammation and MetS [34–36]. Although we did not have

data on added sugars, previous studies have shown that those with the greatest adherence to

uPDI had higher added sugar intake [12]. High intake of added sugars can lead to poor glyce-

mic control and lipid metabolism, particularly triglycerides as excess sugars can increase

hepatic de novo lipogenesis [37,38]. Lower intake of micronutrients and antioxidants (potas-

sium, vitamin A or C) can play a role in modulating endothelial dysfunction, which can lead to

oxidative stress [39]. A prospective study in the US reported that women with high nutritional

risk profiles characterized as having a higher dietary intake of lipids and a lower dietary intake

of micronutrients (vitamin A, C, E, folate) had an elevated risk of incident MetS [40]. Excessive

intake of sodium can increase blood pressure, thereby elevating the risk of MetS [41,42].

Importantly, these individual nutrients may have had synergistic effects, and our approach uti-

lizing a predefined index allowed us to consider the totality of the diet.
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We did not find an association between hPDI, pro-vegetarian diet, and overall MetS or

individual components of MetS. Prior studies in Western populations reported that greater

adherence to these plant-based diet indices was associated with lower risk of various cardiovas-

cular risk factors and cardiovascular disease [12–15,17]. However, in South Koreans, intake of

plant foods is higher and intake of red and processed meat is lower than in Western popula-

tions, considering that grains and vegetables are included in every meal [18,43]. It is possible

that higher plant food intake in a population that is already consuming a plant-based diet may

not elicit clinically significant metabolic responses. In addition, the null associations that we

observed with hPDI may be due to a different categorization of foods in the present study,

because several less-healthy plant foods could not be separated from healthy plant foods (i.e.,

fruit juices were added to the “fruits” category).

Greater adherence to PDI was associated with a lower risk of high fasting glucose, whereas

other types of plant-based diets did not show an association with this MetS component. This

finding is consistent with a recent meta-analysis that found that greater adherence to plant-

based diets, such as PDI, are associated with lower risk of type 2 diabetes [44]. We may not

have found associations with other plant-based diet indices because PDI appeared to have the

greatest difference in intake of dietary fiber across quintiles (1.3 g/1,000 kcal) compared with

other plant-based diet indices. Such small differences underscore that dietary patterns cap-

tured with plant-based diet indices in our analytic study population may be slightly different

from what was captured in Western populations, considering the very high carbohydrate

intake and low fat intake among those in quintiles 2–5 of all plant-based diets (>70% of total

energy from carbohydrate and 9%–11% of total energy from fat) in our study. Thus, further

research in populations with similar dietary behaviors as the South Korean population is war-

ranted on whether other types of plant-based diets such as hPDI and a pro-vegetarian diet are

associated with lower risk of MetS and high fasting glucose specifically.

The novelty of our study comes from the prospective evaluation of the associations between

different types of plant-based diets and risk of MetS. Our results expand the understanding of

how an unhealthful plant-based diet may be associated with type 2 diabetes and cardiovascular

disease by investigating a proximal risk factor for these conditions. Strengths of our study

include the use of data from a community-based cohort, validated food frequency question-

naire, repeated dietary assessments, and sufficient follow-up period to ascertain incident MetS.

Our data also contribute to the literature with a unique focus on an Asian population.

However, several limitations need to be taken into account. Although we used a food fre-

quency questionnaire validated in South Korean adults, reporting of dietary intake can still be

subject to measurement error. We made slight changes to the categorization of foods, because

certain less-healthy plant foods and healthy plant foods were asked together. This may have led

to an attenuation of the association between hPDI and incident MetS. Furthermore, there

were no data on vegetable oil or olive oil intake in this population, which is likely an important

source of dietary fatty acids and could have affected blood lipid levels. Future studies could use

more detailed food frequency questionnaires by asking about healthy plant foods and less-

healthy plant foods separately, and assessing vegetable oil intake. Lastly, although we adjusted

for important confounders, there may still be residual confounding.

The dietary guidelines for South Koreans have recommended eating a balanced diet,

including a variety of foods such as grains, vegetables, fruits, beans, fish, eggs, meat, poultry,

and dairy products; consuming less salt-preserved foods; using less salt when preparing foods;

and selecting foods lower in salt, sugar, and fat [45]. Our findings on uPDI provide support for

these recommendations, considering the strong positive association between this dietary pat-

tern (high in refined grains, sugars, and salty foods) and incident MetS. If our findings are rep-

licated with different health outcomes or study designs, it may be useful to make a distinction
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between healthy plant foods and less-healthy plant foods in future dietary guidelines for South

Koreans.

In conclusion, in a community-based cohort of South Korean adults, diets high in less-

healthy plant foods in the context of a plant-based diet were associated with higher risk of inci-

dent MetS, particularly abdominal obesity, hypertriglyceridemia, low HDL-C, and elevated

blood pressure. These results highlight the importance of considering the quality of plant foods

with regard to more-healthy plant foods versus relatively less-healthy plant foods for the preven-

tion of MetS. Further research confirming the associations between PDI, hPDI, pro-vegetarian

diet, and MetS in other ethnic populations with different dietary behaviors is warranted.

Supporting information

S1 Checklist. STROBE checklist. Note: An Explanation and Elaboration article discusses each

checklist item and gives methodological background and published examples of transparent

reporting. The STROBE checklist is best used in conjunction with this article (freely available

on the websites of PLOS Medicine (http://www.plosmedicine.org/), Annals of Internal Medi-
cine (http://www.annals.org/), and Epidemiology (http://www.epidem.com/). Information on

the STROBE Initiative is available at www.strobe-statement.org.

(DOCX)

S1 Fig. Adjusted HRs and 95% confidence intervals for incident MetS according to the con-

tinuous PDI, hPDI, and pro-vegetarian diet index using restricted cubic splines with 4

knots at the 5th, 35th, 65th, and 95th percentiles. The histogram in gray shows the distribu-

tion of plant-based diet scores. The solid lines represent the adjusted HRs for incident MetS,

modeled using restricted cubic splines with 4 knots (5th, 35th, 65th, 95th percentiles). The ref-

erence point was set at the 5th percentile of each score. The dashed lines represent 95% confi-

dence intervals. HRs were adjusted for age, sex, total energy intake, education, physical

activity, smoking status, alcohol intake, and BMI.

(DOCX)

S1 Table. Scoring system and classification of food items in KoGES. 1The PDI, hPDI, and

uPDI categorized food groups into “healthy plant foods,” “less healthy plant foods,” and “ani-

mal foods.” The pro-vegetarian diet index categorized food groups into “plant foods” and “ani-

mal foods.” Positive indicates that higher intakes received higher scores. Reverse indicates that

higher intakes received lower scores. 2 Whole grains and refined grains were aggregated to a

“grains” food group in the pro-vegetarian diet index. hPDI, healthful plant-based diet index;

PDI, overall plant-based diet index; uPDI, unhealthful plant-based diet index

(DOCX)

S2 Table. Nutritional characteristics of diet according to quintiles of plant-based diet indices.

(DOCX)

S1 Text. Prospective analysis plan.

(PDF)

S2 Text. Copy of the food frequency questionnaire.

(PDF)

Acknowledgments

Data used in this study were obtained from the Korean Genome and Epidemiology Study

(KoGES; 4851–302), National Research Institute of Health, Centers for Disease Control and

PLOS MEDICINE Plant-based diets and metabolic syndrome

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003371 November 18, 2020 15 / 18

http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s001
http://www.plosmedicine.org/
http://www.annals.org/
http://www.epidem.com/
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003371.s006
https://doi.org/10.1371/journal.pmed.1003371


Prevention, Ministry for Health and Welfare, Republic of Korea. We would like to thank the

study participants and staff.

Author Contributions

Conceptualization: Jihye Kim.

Formal analysis: Hyunju Kim, Kyueun Lee.

Funding acquisition: Jihye Kim.

Methodology: Hyunju Kim, Kyueun Lee, Casey M. Rebholz, Jihye Kim.

Supervision: Jihye Kim.

Writing – original draft: Hyunju Kim.

Writing – review & editing: Casey M. Rebholz, Jihye Kim.

References
1. Isomaa B, Almgren P, Tuomi T, Forsén B, Lahti K, Nissén M, et al. Cardiovascular morbidity and mortal-

ity associated with the metabolic syndrome. Diabetes Care. 2001; 24: 683–689. https://doi.org/10.2337/

diacare.24.4.683 PMID: 11315831

2. Alberti KGMM Eckel RH, Grundy SM Zimmet PZ, Cleeman JI Donato KA, et al. Harmonizing the meta-

bolic syndrome: a joint interim statement of the International Diabetes Federation Task Force on Epide-

miology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World

Heart Federation; International Atherosclerosis Society; and International Association for the Study of

Obesity. Circulation. 2009; 120: 1640–1645. https://doi.org/10.1161/CIRCULATIONAHA.109.192644

PMID: 19805654

3. Beltrán-Sánchez H, Harhay MO, Harhay MM, McElligott S. Prevalence and trends of metabolic syn-

drome in the adult U.S. population, 1999–2010. J Am Coll Cardiol. 2013; 62: 697–703. https://doi.org/

10.1016/j.jacc.2013.05.064 PMID: 23810877

4. Ranasinghe P, Mathangasinghe Y, Jayawardena R, Hills AP, Misra A. Prevalence and trends of meta-

bolic syndrome among adults in the asia-pacific region: a systematic review. BMC Public Health. 2017;

17: 101. https://doi.org/10.1186/s12889-017-4041-1 PMID: 28109251

5. Picasso MC, Lo-Tayraco JA, Ramos-Villanueva JM, Pasupuleti V, Hernandez AV. Effect of vegetarian

diets on the presentation of metabolic syndrome or its components: A systematic review and meta-anal-

ysis. Clinical Nutrition. 2019; 38: 1117–1132. https://doi.org/10.1016/j.clnu.2018.05.021 PMID:

29907356

6. Yokoyama Y, Nishimura K, Barnard ND, Takegami M, Watanabe M, Sekikawa A, et al. Vegetarian diets

and blood pressure: a meta-analysis. JAMA Intern Med. 2014; 174: 577–587. https://doi.org/10.1001/

jamainternmed.2013.14547 PMID: 24566947

7. Choi SH, Oh DJ, Kwon KH, Lee JK, Koh MS, Lee JH, et al. A vegetarian diet does not protect against

nonalcoholic fatty liver disease (NAFLD): A cross-sectional study between Buddhist priests and the

general population. Turk J Gastroenterol. 2015; 26: 336–343. https://doi.org/10.5152/tjg.2015.0046

PMID: 26039004

8. Vinagre JC, Vinagre CG, Pozzi FS, Slywitch E, Maranhão RC. Metabolism of triglyceride-rich lipopro-

teins and transfer of lipids to high-density lipoproteins (HDL) in vegan and omnivore subjects. Nutr

Metab Cardiovasc Dis. 2013; 23: 61–67. https://doi.org/10.1016/j.numecd.2011.02.011 PMID:

21937206

9. Bedford JL, Barr SI. Diets and selected lifestyle practices of self-defined adult vegetarians from a popu-

lation-based sample suggest they are more “health conscious.” Int J Behav Nutr Phys Act. 2005; 2: 4.

https://doi.org/10.1186/1479-5868-2-4 PMID: 15829014

10. Chiang J-K, Lin Y-L, Chen C-L, Ouyang C-M, Wu Y-T, Chi Y-C, et al. Reduced risk for metabolic syn-

drome and insulin resistance associated with ovo-lacto-vegetarian behavior in female Buddhists: a

case-control study. PLoS ONE. 2013; 8: e71799. https://doi.org/10.1371/journal.pone.0071799 PMID:

23951247

11. Yang S-Y, Zhang H-J, Sun S-Y, Wang L-Y, Yan B, Liu C-Q, et al. Relationship of carotid intima-media

thickness and duration of vegetarian diet in Chinese male vegetarians. Nutr Metab (Lond). 2011; 8: 63.

https://doi.org/10.1186/1743-7075-8-63 PMID: 21929760

PLOS MEDICINE Plant-based diets and metabolic syndrome

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003371 November 18, 2020 16 / 18

https://doi.org/10.2337/diacare.24.4.683
https://doi.org/10.2337/diacare.24.4.683
http://www.ncbi.nlm.nih.gov/pubmed/11315831
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
http://www.ncbi.nlm.nih.gov/pubmed/19805654
https://doi.org/10.1016/j.jacc.2013.05.064
https://doi.org/10.1016/j.jacc.2013.05.064
http://www.ncbi.nlm.nih.gov/pubmed/23810877
https://doi.org/10.1186/s12889-017-4041-1
http://www.ncbi.nlm.nih.gov/pubmed/28109251
https://doi.org/10.1016/j.clnu.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/29907356
https://doi.org/10.1001/jamainternmed.2013.14547
https://doi.org/10.1001/jamainternmed.2013.14547
http://www.ncbi.nlm.nih.gov/pubmed/24566947
https://doi.org/10.5152/tjg.2015.0046
http://www.ncbi.nlm.nih.gov/pubmed/26039004
https://doi.org/10.1016/j.numecd.2011.02.011
http://www.ncbi.nlm.nih.gov/pubmed/21937206
https://doi.org/10.1186/1479-5868-2-4
http://www.ncbi.nlm.nih.gov/pubmed/15829014
https://doi.org/10.1371/journal.pone.0071799
http://www.ncbi.nlm.nih.gov/pubmed/23951247
https://doi.org/10.1186/1743-7075-8-63
http://www.ncbi.nlm.nih.gov/pubmed/21929760
https://doi.org/10.1371/journal.pmed.1003371


12. Kim H, Rebholz CM, Garcia-Larsen V, Steffen LM, Coresh J, Caulfield LE. Operational differences in

plant-based diet indices affect the ability to detect associations with incident hypertension in middle-

aged US adults. J Nutr. 2019; 150: 842–50. https://doi.org/10.1093/jn/nxz275 PMID: 31722418

13. Satija A, Bhupathiraju SN, Rimm EB, Spiegelman D, Chiuve SE, Borgi L, et al. Plant-based dietary pat-

terns and incidence of type 2 diabetes in US men and women: results from three prospective cohort

studies. PLoS Med. 2016; 13: e1002039. https://doi.org/10.1371/journal.pmed.1002039 PMID:

27299701

14. Satija A, Bhupathiraju SN, Spiegelman D, Chiuve SE, Manson JE, Willett W, et al. Healthful and

unhealthful plant-based diets and the risk of coronary heart disease in U.S Adults. J Am Coll Cardiol.

2017; 70: 411–422. https://doi.org/10.1016/j.jacc.2017.05.047 PMID: 28728684

15. Satija A, Malik V, Rimm EB, Sacks F, Willett W, Hu FB. Changes in intake of plant-based diets and

weight change: results from 3 prospective cohort studies. Am J Clin Nutr. 2019; 110: 574–82. https://

doi.org/10.1093/ajcn/nqz049 PMID: 31127828
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28. Gómez-Donoso C, Martı́nez-González MÁ, Martı́nez JA, Gea A, Sanz-Serrano J, Perez-Cueto FJA,

et al. A provegetarian food pattern emphasizing preference for healthy plant-derived foods reduces the

risk of overweight/obesity in the SUN Cohort. Nutrients. 2019; 11: 1553. https://doi.org/10.3390/

nu11071553 PMID: 31324022

29. Kim D, Kim J. Dairy consumption is associated with a lower incidence of the metabolic syndrome in mid-

dle-aged and older Korean adults: the Korean Genome and Epidemiology Study (KoGES). Br J Nutr.

2017; 117: 148–160. https://doi.org/10.1017/S000711451600444X PMID: 28098053

30. Yang JJ, Yang JH, Kim J, Cho LY, Park B, Ma SH, et al. Reliability of Quadruplicated Serological

Parameters in the Korean Genome and Epidemiology Study. Epidemiol Health. 2011; 33. https://doi.

org/10.4178/epih/e2011004 PMID: 21637322

PLOS MEDICINE Plant-based diets and metabolic syndrome

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003371 November 18, 2020 17 / 18

https://doi.org/10.1093/jn/nxz275
http://www.ncbi.nlm.nih.gov/pubmed/31722418
https://doi.org/10.1371/journal.pmed.1002039
http://www.ncbi.nlm.nih.gov/pubmed/27299701
https://doi.org/10.1016/j.jacc.2017.05.047
http://www.ncbi.nlm.nih.gov/pubmed/28728684
https://doi.org/10.1093/ajcn/nqz049
https://doi.org/10.1093/ajcn/nqz049
http://www.ncbi.nlm.nih.gov/pubmed/31127828
https://doi.org/10.3945/ajcn.113.071431
http://www.ncbi.nlm.nih.gov/pubmed/24871477
https://doi.org/10.2215/CJN.12391018
https://doi.org/10.2215/CJN.12391018
http://www.ncbi.nlm.nih.gov/pubmed/31023928
https://doi.org/10.1136/bmjopen-2015-008705
https://doi.org/10.1136/bmjopen-2015-008705
http://www.ncbi.nlm.nih.gov/pubmed/26408285
https://doi.org/10.1016/S0140-6736%2803%2915268-3
https://doi.org/10.1016/S0140-6736%2803%2915268-3
http://www.ncbi.nlm.nih.gov/pubmed/14726171
https://doi.org/10.1038/s41598-018-23074-2
http://www.ncbi.nlm.nih.gov/pubmed/29632305
https://doi.org/10.1093/aje/kwy183
http://www.ncbi.nlm.nih.gov/pubmed/30165478
https://doi.org/10.1093/ije/dyv316
http://www.ncbi.nlm.nih.gov/pubmed/27085081
https://doi.org/10.1038/sj.ejcn.1602657
http://www.ncbi.nlm.nih.gov/pubmed/17299477
https://doi.org/10.1007/s00394-019-02021-5
https://doi.org/10.1007/s00394-019-02021-5
http://www.ncbi.nlm.nih.gov/pubmed/31175411
https://doi.org/10.1093/oxfordjournals.aje.a009849
https://doi.org/10.1093/oxfordjournals.aje.a009849
http://www.ncbi.nlm.nih.gov/pubmed/10084242
https://doi.org/10.1093/ajcn/65.4.1220S
http://www.ncbi.nlm.nih.gov/pubmed/9094926
https://doi.org/10.3390/nu11071553
https://doi.org/10.3390/nu11071553
http://www.ncbi.nlm.nih.gov/pubmed/31324022
https://doi.org/10.1017/S000711451600444X
http://www.ncbi.nlm.nih.gov/pubmed/28098053
https://doi.org/10.4178/epih/e2011004
https://doi.org/10.4178/epih/e2011004
http://www.ncbi.nlm.nih.gov/pubmed/21637322
https://doi.org/10.1371/journal.pmed.1003371


31. Kang Y, Kim J. Gender difference on the association between dietary patterns and metabolic syndrome

in Korean population. Eur J Nutr. 2016; 55: 2321–2330. https://doi.org/10.1007/s00394-015-1127-3

PMID: 26659071

32. Kang Y, Lee K, Lee J, Kim J. Grain Subtype and the Combination of Grains Consumed Are Associated

with the Risk of Metabolic Syndrome: Analysis of a Community-Based Prospective Cohort. J Nutr.

2020; 150: 118–127. https://doi.org/10.1093/jn/nxz179 PMID: 31504681

33. Ainsworth BE, Haskell WL, Whitt MC, Irwin ML, Swartz AM, Strath SJ, et al. Compendium of physical

activities: an update of activity codes and MET intensities. Med Sci Sports Exerc. 2000; 32: S498–504.

https://doi.org/10.1097/00005768-200009001-00009 PMID: 10993420

34. Tucker LA, Thomas KS. Increasing Total Fiber Intake Reduces Risk of Weight and Fat Gains in

Women. J Nutr. 2009; 139: 576–581. https://doi.org/10.3945/jn.108.096685 PMID: 19158230

35. Wei B, Liu Y, Lin X, Fang Y, Cui J, Wan J. Dietary fiber intake and risk of metabolic syndrome: A meta-

analysis of observational studies. Clinical Nutrition. 2018; 37: 1935–1942. https://doi.org/10.1016/j.clnu.

2017.10.019 PMID: 29137803

36. The InterAct Consortium. Dietary fibre and incidence of type 2 diabetes in eight European countries: the

EPIC-InterAct Study and a meta-analysis of prospective studies. Diabetologia. 2015; 58: 1394–1408.

https://doi.org/10.1007/s00125-015-3585-9 PMID: 26021487

37. Fried SK, Rao SP. Sugars, hypertriglyceridemia, and cardiovascular disease. Am J Clin Nutr. 2003; 78:

873S–880S. https://doi.org/10.1093/ajcn/78.4.873S PMID: 14522752

38. Parks EJ, Hellerstein MK. Carbohydrate-induced hypertriacylglycerolemia: historical perspective and

review of biological mechanisms. Am J Clin Nutr. 2000; 71: 412–433. https://doi.org/10.1093/ajcn/71.2.

412 PMID: 10648253

39. Brown AA, Hu FB. Dietary modulation of endothelial function: implications for cardiovascular disease.

Am J Clin Nutr. 2001; 73: 673–686. https://doi.org/10.1093/ajcn/73.4.673 PMID: 11273841

40. Millen BE, Pencina MJ, Kimokoti RW, Zhu L, Meigs JB, Ordovas JM, et al. Nutritional risk and the meta-

bolic syndrome in women: opportunities for preventive intervention from the Framingham Nutrition

Study. Am J Clin Nutr. 2006; 84: 434–441. https://doi.org/10.1093/ajcn/84.1.434 PMID: 16895895

41. Weinberger MH. Salt sensitivity of blood pressure in humans. Hypertension. 1996; 27: 481–490. https://

doi.org/10.1161/01.hyp.27.3.481 PMID: 8613190

42. Strazzullo P, D’Elia L, Kandala N-B, Cappuccio FP. Salt intake, stroke, and cardiovascular disease:

meta-analysis of prospective studies. BMJ. 2009; 339: b4567. https://doi.org/10.1136/bmj.b4567 PMID:

19934192

43. Lee M-J, Popkin BM, Kim S. The unique aspects of the nutrition transition in South Korea: the retention

of healthful elements in their traditional diet. Public Health Nutrition. 2002; 5: 197–203. https://doi.org/

10.1079/PHN2001294 PMID: 12027285

44. Qian F, Liu G, Hu FB, Bhupathiraju SN, Sun Q. Association Between Plant-Based Dietary Patterns and

Risk of Type 2 Diabetes: A Systematic Review and Meta-analysis. JAMA Intern Med. 2019 [cited 22 Jul

2019]. https://doi.org/10.1001/jamainternmed.2019.2195 PMID: 31329220

45. Ministry of Health and Welfare, Ministry of Agriculture, Food and Rural Affairs, Ministry of Food and

Drug Safety. General Dietary Guidelines for Koreans. Seoul: Korea Health Promotion Institute; 2016.

Available from: http://www.fao.org/nutrition/education/food-dietary-guidelines/regions/republic-of-

korea/en/. [cited 2020 Aug 10].

PLOS MEDICINE Plant-based diets and metabolic syndrome

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003371 November 18, 2020 18 / 18

https://doi.org/10.1007/s00394-015-1127-3
http://www.ncbi.nlm.nih.gov/pubmed/26659071
https://doi.org/10.1093/jn/nxz179
http://www.ncbi.nlm.nih.gov/pubmed/31504681
https://doi.org/10.1097/00005768-200009001-00009
http://www.ncbi.nlm.nih.gov/pubmed/10993420
https://doi.org/10.3945/jn.108.096685
http://www.ncbi.nlm.nih.gov/pubmed/19158230
https://doi.org/10.1016/j.clnu.2017.10.019
https://doi.org/10.1016/j.clnu.2017.10.019
http://www.ncbi.nlm.nih.gov/pubmed/29137803
https://doi.org/10.1007/s00125-015-3585-9
http://www.ncbi.nlm.nih.gov/pubmed/26021487
https://doi.org/10.1093/ajcn/78.4.873S
http://www.ncbi.nlm.nih.gov/pubmed/14522752
https://doi.org/10.1093/ajcn/71.2.412
https://doi.org/10.1093/ajcn/71.2.412
http://www.ncbi.nlm.nih.gov/pubmed/10648253
https://doi.org/10.1093/ajcn/73.4.673
http://www.ncbi.nlm.nih.gov/pubmed/11273841
https://doi.org/10.1093/ajcn/84.1.434
http://www.ncbi.nlm.nih.gov/pubmed/16895895
https://doi.org/10.1161/01.hyp.27.3.481
https://doi.org/10.1161/01.hyp.27.3.481
http://www.ncbi.nlm.nih.gov/pubmed/8613190
https://doi.org/10.1136/bmj.b4567
http://www.ncbi.nlm.nih.gov/pubmed/19934192
https://doi.org/10.1079/PHN2001294
https://doi.org/10.1079/PHN2001294
http://www.ncbi.nlm.nih.gov/pubmed/12027285
https://doi.org/10.1001/jamainternmed.2019.2195
http://www.ncbi.nlm.nih.gov/pubmed/31329220
http://www.fao.org/nutrition/education/food-dietary-guidelines/regions/republic-of-korea/en/
http://www.fao.org/nutrition/education/food-dietary-guidelines/regions/republic-of-korea/en/
https://doi.org/10.1371/journal.pmed.1003371

