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INTRODUCTION

In recent years, plant-based diets have received extensive atten-
tion due to their reported benefits for both individual health and 
environmental sustainability [1], and previous meta-analyses have 
reported favorable effects of several types of plant-based diets [2,3] 
or foods [4-6] in relation to adiposity. However, some plant foods, 
such as refined grains, sugary beverages, and salted vegetables, are 
not considered healthy. In this context, 3 recently developed plant-
based diet indices (PDIs), which consider less healthy plant foods 
and animal foods, can holistically assess not only the degree of 
adherence to overall plant-based diets, but also the quality of plant-
based diets [7].

OBJECTIVES: Different approaches for analyzing repeated dietary measurements may yield differences in the magnitude and 
interpretation of findings. We aimed to compare 3 dietary measurements (baseline, most recent, and cumulative average) in terms 
of the association between plant-based diet indices (PDIs) and incident abdominal obesity in Korean adults aged 40-69 years.

METHODS: This study included 6,054 participants (54% women) free of abdominal obesity (defined as waist circumference 
≥ 90 cm for men and ≥ 85 cm for women) at baseline. As exposures, baseline, most recent, and cumulative average measure-
ments for PDI, healthy-PDI (hPDI), and unhealthy-PDI (uPDI) were created. A Cox proportional-hazard model was used to 
estimate the hazard ratios (HRs) for abdominal obesity.

RESULTS: During 45,818 person-years of follow-up (median, 9 years), we identified 1,778 incident cases of abdominal obesity. 
In the multivariable-adjusted analysis, a higher uPDI was associated with a higher risk of abdominal obesity in both total and 
stratified analyses. The findings were consistent across all approaches (Q5 vs. Q1: HRbaseline = 1.70; 95% confidence interval [CI], 
1.46 to 1.98; HRmost recent = 1.52; 95% CI, 1.30 to 1.78; HRcumulative average = 1.76; 95% CI, 1.51 to 2.06 in the total set). PDI showed no 
meaningful association with abdominal obesity risk in any analyses. hPDIaverage had a suggestive inverse association with abdom-
inal obesity risk in men, and hPDIbaseline had a positive association with abdominal obesity risk in women.

CONCLUSIONS: Greater adherence to unhealthy plant-based diets may increase the risk of developing abdominal obesity in 
Korean adults. The findings were generally consistent across all approaches.
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Visceral adiposity has long been recognized as a strong predic-
tor of premature cardiometabolic diseases and death [8,9]. Waist 
circumference (WC) alone has been shown to have a stronger as-
sociation with visceral fat than other non-imaging-based clinical 
methods such as the body mass index (BMI), waist-to-hip ratio, 
or waist-to-height ratio [8]. Furthermore, current evidence sug-
gests that WC has an independent effect on cardiometabolic dis-
eases and mortality [10-12]. Reflecting globally increasing trends 
over the past few decades [13], the prevalence of abdominal obe-
sity assessed by WC among Korean adults aged 20 years and older 
increased from 2009 to 2018 (19.0% in 2009 to 23.8% in 2018) [14].

In previous observational studies focusing on adiposity as an 
outcome, the overall PDI showed inverse associations with weight 
gain [15], and the healthy PDI (hPDI), characterized by a high in-
take of whole grains, fruits, vegetables, nuts, legumes, tea, and cof-
fee, showed inverse associations with adiposity-related inflamma-
tory markers [16], visceral and subcutaneous abdominal adipose 
tissue volume [17], obesity defined by the BMI [18], and weight, 
WC, and the waist-to-hip ratio [15,19]. In contrast, the unhealthy 
PDI (uPDI), characterized by a high intake of refined grains, sweets, 
desserts, and sugary beverages, has shown positive associations 
with weight gain [15], metabolic syndrome [20,21], BMI, and WC 
[22]. However, the previous evidence has some limitations, includ-
ing cross-sectional study designs [17,19,21,22]; inapplicability to 
different ages, genders, races/ethnicities, and socioeconomic sta-
tuses [15-18]; and relatively small sample sizes [17-19,22]. Fur-
thermore, the cohort study design allows us to collect repeated di-
etary measurements over time. The use of repeated measurements 
provides an opportunity to: (1) consider possible changes in the 
dietary habits of participants during the follow-up period; (2) re-
duce measurement error; and (3) examine the different effects of 
several temporal assumptions in exposures (long-term vs. short-
term diet intake) on outcomes [23]. However, no study has yet 
examined the possible differences in associations between plant-
based diets and abdominal obesity risk by comparing several ap-
proaches for analyzing repeated dietary measurements.

We therefore aimed to compare 3 different approaches for ana-
lyzing repeated dietary measurements (baseline, most recent, and 
cumulative average diets) in the associations between 3 PDI scores 
(PDI, hPDI, and uPDI) and incident abdominal obesity among 
Korean adults aged 40-69 years.

MATERIALS AND METHODS

Study population
The Korean Genome and Epidemiology Study (KoGES) Ansan 

and Ansung Study, an ongoing population-based study, was es-
tablished to determine risk factors for common complex diseases 
and death in Koreans [24]. A total of 10,030 participants aged  
40 years to 69 years living in rural and urban communities in Korea 
were recruited between 2001 and 2002 through 2-stage cluster 
sampling: Ansan (an urban community) and Ansung (a rural com-
munity) [24]. The enrolled participants completed biennial follow-

up examinations, starting in 2001-2002, and the follow-up rate 
was 62.8% in 2015-2016 at the 6th follow-up [24]. 

Among 7,056 participants who had a baseline WC < 90 cm for 
men and < 85 cm for women, we excluded those who had the fol-
lowing conditions at baseline: implausible (< 800 or > 4,000 kcal/
day for men and < 500 or > 3,500 kcal/day for women) [23] or 
incomplete dietary intake (n=387); a history of heart disease, stroke, 
and/or cancer (n= 318); and missing data on key covariates (age, 
gender, total energy intake, education level, physical activity level, 
smoking status, alcohol intake, and BMI) (n= 297). The final ana-
lytic sample included 6,054 participants (3,273 men and 2,781 wom-
en) (Supplementary Material 1).

Dietary intake and plant-based diet index  
assessments

At baseline and visit 3 (2005-2006), trained interviewers assessed 
the participants’ food and nutrient intake using validated semi-
quantitative food frequency questionnaires (FFQs) that listed 103 
food items at the baseline visit and 106 food items at visit 3. All 
items were comparable between the 2 FFQs except for a few items 
(Supplementary Material 2). The validity and reproducibility of 
FFQs have been examined in detail elsewhere (reproducibility: 
0.45 for median correlation coefficients between the first and sec-
ond FFQ for nutrient intake; validity: 0.39 for de-attenuated cor-
relation coefficients between the second FFQ and 12-day dietary 
records for nutrient intake) [25]. Participants were asked how fre-
quently they consumed the average portion sizes of 103 or 106 
food items during the past year with the help of food photographs 
for accuracy. There were 9 frequency categories (ranging from 
“never or rarely” to “3 times/day”) and three serving sizes (0.5, 1.0, 
and 1.5 standard portion size) on the FFQs to determine the fre-
quency and the amount of consumption. Only at visit 3 were par-
ticipants asked to indicate whether they ate each item for 3 months 
9 months or 12 months of the year for food items with limited 
seasonal availability. Daily nutrient intakes were calculated using 
weighted frequencies per day and serving sizes per unit for each 
food item based on the nutrient database in the Seventh Edition 
of the Korean Food Composition Table [26].

In this study, we used 3 different approaches for analyzing re-
peated dietary measurements to compare the different effects of 
several temporal assumptions in diets on outcomes. For the most 
recent intake, we related the incidence of abdominal obesity be-
tween 2001-2002 and 2005-2006 to the dietary intake reported in 
2001-2002 and the incidence of abdominal obesity between 2005-
2006 and 2015-2016 to the dietary intake reported in 2005-2006 
[27]. The cumulative average intake for each participant was cal-
culated by averaging the dietary intakes at baseline and visit 3 up 
to the endpoint or censoring [27] (Supplementary Material 3). 
For each PDI, the baseline, most recent, and cumulative average 
scores were referred to as PDIbaseline, PDIrecent, and PDIaverage, respec-
tively.

To assess the degree of adherence to plant‐based diets, we used 
3 established plant‐based diet index scores (PDI, hPDI, and uPDI) 
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using the given dietary data [20]; these indices were adapted from 
the original plant-based diet scale by Satija et al. [7]. We created 
17 food groups based on nutrient and culinary similarities and 
classified them into 3 larger categories (healthy plant foods, less 
healthy plant foods, and animal foods) (Supplementary Material 4). 
From the original PDIs, 2 food groups were omitted because ques-
tions about “vegetable oil” were not asked at all and questions re-
garding “fruit juice” were not asked separately, and 1 new food 
group was added to consider that Koreans traditionally consume 
salted and pickled vegetables such as kimchi. Thus, healthy plant 
foods included whole grains, fruits, vegetables, nuts, legumes, and 
tea and coffee; less healthy plant foods included refined grains, 
potatoes, sugar-sweetened beverages, sweets and desserts, and 
salted vegetables; and animal foods included animal fat, dairy, 
eggs, fish or seafood, meat, and miscellaneous animal foods. After 
adjusting for total energy intake using the residual method [23], 
the 17 food groups were divided into quintiles of consumption 
and received a score between 1 and 5. For positive scores, we gave 
a score of 5 to participants in the highest consumption quintile of 
a food group and a score of 1 to those in the lowest consumption 
quintile of a food group. For reverse scores, we gave a score of 1 to 
participants in the highest quintile of a food group and a score of 
5 to those in the lowest quintile of a food group. The overall PDI 
was created by assigning positive scores to all plant food groups 
and reverse scores to the animal food groups. The hPDI was cre-
ated by giving positive scores to healthy plant food groups and re-
verse scores to less healthy plant food groups and animal food 
groups. The uPDI was created by assigning positive scores to less 
healthy plant food groups and reverse scores to healthy plant food 
groups and animal food groups. Finally, we summed each food 
group score (possible ranges in this study: 30-73 for the PDI, 30-
71 for the hPDI, and 29-75 for the uPDI).

Measurement of waist circumference and  
ascertainment of incident abdominal obesity

WC was measured biennially by trained measurers until 2016. 
Before the examination at each visit, the same coordinator trained 
the measurers using videos and hands-on training based on stand-
ardized protocols for examinations. WC was measured at the half-
way point between the lowest rib margin and the iliac crest. Abdom-
inal obesity was defined based on the WC measurement. Among 
participants with a WC less than 90 cm for men and 85 cm for 
women at the baseline survey, we defined incident cases of abdom-
inal obesity as individuals with a WC above the determined cut-
off level of the Korean Society for the Study of Obesity (≥ 90 cm 
for men and ≥ 85 cm for women) in follow-up examinations [28].

Assessment of covariates
The trained interviewers and measurers collected data based 

on standardized protocols for questionnaire surveys and exami-
nations.

General characteristics based on questionnaires
The structured questionnaires included comprehensive infor-

mation on demographics (age, gender, education level) and life-
style (physical activity level, smoking status, drinking status, and 
alcohol consumption). A high school education indicated 12 years 
of schooling or more, and the physical activity level was presented 
as metabolic equivalent of task (MET) per day. For smoking status, 
participants were asked if they had ever smoked, with 3 response 
options (1= never, 2= former, 3= current). For drinking status, 
participants were asked if they currently drank alcohol, with 3 re-
sponse options (1 = never, 2 = former, 3 = current). Participants 
were categorized according to smoking and drinking status as 
current smokers or non-smokers (including former smokers) and 
current drinkers or non-drinkers (including former drinkers), re-
spectively. To estimate daily alcohol consumption, current drink-
ers were further asked about the average frequency and average 
number of servings of alcoholic beverages that are commonly 
consumed in Korea (soju, takju, beer, refined rice wine, wine, and 
whisky) in the preceding year, and total daily alcohol consumption 
was calculated based on the total volume of all alcoholic beverag-
es consumed, as expressed in grams of alcohol per day (g/day).

Anthropometric measurements
Height was measured with a standard height scale to the near-

est 0.1 cm, and weight was measured with a metric weight scale 
to the nearest 0.01 kg with the participants in light clothing with-
out shoes. We calculated BMI using the ratio of weight (kg) to 
height squared (m2).

Statistical analysis
All PDI scores were divided into quintiles for further analyses. 

We presented age-adjusted and gender-adjusted estimates of the 
participants’ baseline characteristics according to each PDI score 
quintile using a general linear model. To examine the associations 
between the quintiles of each PDI score and abdominal obesity 
incidence, we applied Cox proportional-hazard regression and 
presented them as hazard ratios (HRs) and 95% confidence inter-
vals (CIs). The person-time of follow-up was calculated from the 
date of the baseline examination until the date of incident abdom-
inal obesity, censoring, or the date of the last examination, which-
ever came first. The median follow-up time was 9.0 years. A mul-
tivariable model was adjusted for age (years), gender (men or wom-
en), total energy intake (kcal/day), high school graduate (yes or, 
no), physical activity level (METs), current smoking (yes or no), 
alcohol intake (g/day), and BMI. To test for potential linear 
trends, we treated each median PDI score in each quintile as a 
continuous variable. Since possible differences in dietary habits 
between men and women may exist, we tested for the interaction 
effect of gender by including cross-product terms of each PDI 
score and gender (men or women).

As a sensitivity analysis, we repeated the main analyses (1) after 
classifying salted vegetables into the healthy plant food category; 
(2) after excluding incident cases of abdominal obesity occurring 
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within the first 2 follow-up years (516 participants were excluded, 
n= 5,538); and (3) after excluding incident cases of hypertension, 
type 2 diabetes, dyslipidemia, and general obesity that occurred 
before developing abdominal obesity (398 participants were ex-
cluded, n= 5,656). All data were analyzed with SAS version 9.4 
(SAS Institute Inc., Cary, NC, USA), and an α level of 0.05 was 
considered statistically significant.

Ethics statement 
This study protocol was approved by the Insititutional Review 

Board of Hallym University (HIRB-2021-087).

RESULTS

As shown in Table 1, those in the highest quintiles of PDIaverage 
and hPDIaverage tended to be older, less educated, non-smokers, and 
more physically active, and consume a higher total energy intake. 
In contrast, those in the highest quintile of uPDIaverage tended to be 
older, less educated, current smokers, and more physically active, 
have a slightly lower BMI, and consume a higher total energy in-

take. When using the baseline and most recent diet measures, 
similar trends in these characteristics were observed (Supplemen-
tary Materials 5 and 6).

We confirmed incident abdominal obesity in 880 men and 898 
women during a follow-up of up to 12.6 years (45,818 person-years). 
For PDI and hPDI, there were no meaningful associations across 
all approaches. All uPDIs were positively associated with abdomi-
nal obesity risk in all approaches (all p-values for trends < 0.001), 
and slightly stronger estimates were observed when using the cu-
mulative average diet than either the baseline or most recent diet 
(Q5 vs. Q1, uPDIbaseline: HR, 1.70; 95% CI, 1.46 to 1.98; uPDIrecent: 
HR, 1.52; 95% CI, 1.30 to 1.78; uPDIaverage: HR, 1.76; 95% CI, 1.51 
to 2.06) (Table 2 and Supplementary Material 7).

In the gender-stratified analyses, PDI showed no meaningful 
associations with abdominal obesity risk across all 3 approaches in 
men or women. In all approaches, uPDI was positively associated 
with abdominal obesity risk (all p-values for trends < 0.05), and 
slightly stronger estimates were observed when using the cumulative 
average diet than either the baseline or most recent diet in both 
men and women. In men, only hPDIaverage was inversely associated 

Table 2. Associations between plant-based diet indices and abdominal obesity incidence (n=6,054)

Variables
Baseline diet only Most recent diet Cumulative average

No. of cases/
person-yr

Multivariable-
adjusted1

No. of cases/
person-yr

Multivariable-
adjusted1

No. of cases/
person-yr

Multivariable-
adjusted1

PDI
Q1 321/9,013 1.00 (reference) 343/8,503 1.00 (reference) 379/8,812 1.00 (reference)
Q2 351/9,025 1.13 (0.97, 1.31) 352/9,392 1.00 (0.86, 1.16) 298/9,013 0.74 (0.64, 0.87)
Q3 372/10,406 0.93 (0.80, 1.08) 395/10,307 0.94 (0.82, 1.09)  403/11,066 0.79 (0.68, 0.90)
Q4 353/8,603 0.97 (0.83, 1.13) 342/9,199 0.85 (0.73, 0.99) 272/8,259 0.66 (0.56, 0.77)
Q5 381/8,771 1.06 (0.92, 1.24) 346/8,418 0.94 (0.81, 1.10) 426/8,667 0.94 (0.82, 1.08)
p for trend2 0.990 0.119 0.379

hPDI
Q1 318/9,778 1.00 (reference) 339/8,903 1.00 (reference) 343/8,874 1.00 (reference)
Q2 340/9,406 1.11 (0.95, 1.29) 344/9,785 0.86 (0.74, 1.00) 328/9,793 0.77 (0.66, 0.90)
Q3 322/8,256 1.09 (0.93, 1.27) 333/9,006 0.82 (0.71, 0.96) 341/9,220 0.83 (0.72, 0.97)
Q4 400/9,218 1.24 (1.06, 1.44) 394/9,752 0.87 (0.75, 1.01) 371/9,567 0.86 (0.74, 1.00)
Q5 398/9,160 1.09 (0.94, 1.27) 368/8,372 0.97 (0.83, 1.12) 395/8,363 0.94 (0.81, 1.09)
p for trend2 0.110 0.826 0.963

uPDI
Q1 304/10,259 1.00 (reference) 321/10,345 1.00 (reference) 306/9,633 1.00 (reference)
Q2 336/9,661 1.17 (1.00, 1.37) 335/9,979 1.06 (0.91, 1.23) 327/9,616 1.06 (0.90, 1.24)
Q3 321/8,280 1.34 (1.14, 1.57) 303/7,834 1.20 (1.02, 1.41) 334/9,237 1.11 (0.95, 1.30)
Q4 364/8,833 1.34 (1.14, 1.56) 418/9,291 1.37 (1.18, 1.59) 357/9,320 1.15 (0.98, 1.35)
Q5 453/8,786 1.70 (1.46, 1.98) 401/8,369 1.52 (1.30, 1.78) 454/8,012 1.76 (1.51, 2.06)
p for trend2 <0.001 <0.001 <0.001

Values are presented as hazard ratio (95% confidence interval).
Q, quintile; PDI, plant-based diet index; hPDI, healthy plant-based diet index; uPDI, unhealthy plant-based diet index; MET, metabolic equivalent 
of task.
1The multivariable-adjusted model was adjusted for age (years), gender (men or women), total energy intake (kcal/day), high school graduate (yes 
or no), physical activity level (METs), current smoking (yes or no), alcohol intake (g/day), and body mass index at baseline.
2Treating the median value of each group as a continuous variable using a Cox proportional-hazard model.
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with abdominal obesity risk (HRQ5 vs. Q1, 0.77; 95% CI, 0.62 to 0.96; 
p for trend= 0.040). In women, hPDIbaseline and hPDIaverage were posi-
tively associated with abdominal obesity risk (Q5 vs. Q1, hPDIbaseline: 
HR, 1.30; 95% CI, 1.04 to 1.62, p for trend= 0.004; hPDIaverage: HR, 
1.13; 95% CI, 0.91 to 1.40, p for trend= 0.040) (Table 3).

In all sensitivity analyses, the associations remained similar to 
the main findings when salted vegetables were classified as belong-
ing to the healthy plant food category (Supplementary Material 8), 
incident cases of abdominal obesity during the first 2 follow-up 
years were excluded (Supplementary Material 9), and incident 
cases of other chronic diseases were excluded (Supplementary 
Material 10).

DISCUSSION

In this prospective study of 6,054 Korean participants, we ob-
served linear positive associations between uPDI and abdominal 

obesity risk irrespective of demographic and lifestyle characteris-
tics. Although the strength of the findings varied slightly, the sub-
stantive results were consistent across all approaches (baseline 
diet only, most recent diet, or cumulative average diet) in both to-
tal and gender-stratified analyses. PDI showed no meaningful as-
sociation with abdominal obesity risk in all analyses. hPDIaverage 

had an inverse association with abdominal obesity risk in men, 
whereas hPDIbaseline had a positive association with abdominal 
obesity risk in women.

In this study, we observed that greater adherence to a diet rich 
in refined grains, sugars, and salted vegetables, represented by the 
uPDI, was linearly associated with a 16-24% higher risk of abdom-
inal obesity. These results are in line with previous studies that 
specifically focused on abdominal adiposity. In prospective stud-
ies, greater adherence to plant-based diets decreased WC by 2.0 cm 
over 7 years [29], and individuals with higher uPDI scores had a 
1.46 times greater risk of abdominal obesity when using WC as a 

Table 3. Associations between plant-based diet indices and abdominal obesity incidence: stratified by gender (n=6,054)

Multivariable- 
adjusted model1

Baseline diet only Most recent diet Cumulative average

Men (n=3,273) Women (n=2,781) Men (n=3,273) Women (n=2,781) Men (n=3,273) Women (n=2,781)

PDI
Q1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 1.15 (0.93, 1.42) 1.09 (0.87, 1.35) 1.08 (0.87, 1.33) 0.92 (0.74, 1.14) 0.76 (0.61, 0.95) 0.73 (0.58, 0.90)
Q3 0.88 (0.71, 1.09) 0.98 (0.79, 1.20) 0.92 (0.75, 1.13) 0.97 (0.79, 1.19) 0.76 (0.62, 0.92) 0.84 (0.69, 1.03)
Q4 0.99 (0.80, 1.23) 0.94 (0.75, 1.16) 0.88 (0.71, 1.09) 0.83 (0.68, 1.03) 0.61 (0.48, 0.76) 0.70 (0.56, 0.87)
Q5 1.00 (0.80, 1.24) 1.14 (0.92, 1.41) 0.94 (0.76, 1.17) 0.95 (0.77, 1.18) 0.93 (0.76, 1.13) 0.97 (0.80, 1.18)
p for trend2 0.610 0.530 0.210 0.430 0.320 0.970
p for interaction3 0.640 0.870 0.640

hPDI
Q1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 1.05 (0.85, 1.29) 1.16 (0.92, 1.46) 0.76 (0.62, 0.94) 0.89 (0.72, 1.12) 0.72 (0.58, 0.88) 0.80 (0.64, 1.01)
Q3 0.88 (0.70, 1.09) 1.38 (1.11, 1.73) 0.63 (0.51, 0.78) 1.08 (0.87, 1.34) 0.66 (0.53, 0.81) 0.998 (0.81, 1.24)
Q4 1.03 (0.83, 1.28) 1.48 (1.20, 1.83) 0.69 (0.56, 0.85) 1.06 (0.86, 1.31) 0.71 (0.58, 0.88) 1.04 (0.84, 1.29)
Q5 0.93 (0.75, 1.16) 1.30 (1.04. 1.62) 0.82 (0.67, 1.02) 1.09 (0.88, 1.36) 0.77 (0.62, 0.96) 1.13 (0.91, 1.40)
p for trend2 0.520 0.004 0.050 0.180 0.040 0.040
p for interaction3 0.001 0.002 <0.001

uPDI
Q1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 1.14 (0.92, 1.41) 1.18 (0.94, 1.48) 0.99 (0.80, 1.22) 1.17 (0.93, 1.47) 1.18 (0.95, 1.46) 1.02 (0.81, 1.28)
Q3 1.24 (0.99, 1.55) 1.42 (1.13, 1.79) 1.07 (0.85, 1.34) 1.37 (1.08, 1.73) 1.07 (0.86, 1.32) 1.20 (0.95, 1.52)
Q4 1.16 (0.93, 1.44) 1.50 (1.20, 1.88) 1.26 (1.03, 1.54) 1.47 (1.17, 1.85) 0.95 (0.76, 1.19) 1.31 (1.04, 1.65)
Q5 1.51 (1.22, 1.87) 1.81 (1.45, 2.26) 1.22 (0.97, 1.52) 1.80 (1.43, 2.26) 1.60 (1.30, 1.98) 1.90 (1.50, 2.39)
p for trend2 <0.001 <0.001 0.010 <0.001 0.001 <0.001
p for interaction3 0.004 <0.001 <0.001

Values are presented as hazard ratio (95% confidence interval). 
Q, quintile; PDI, plant-based diet index; hPDI, healthy plant-based diet index; uPDI, unhealthy plant-based diet index; MET, metabolic equivalent 
of task.
1The multivariable-adjusted model was adjusted for age (years), gender (men or women), total energy intake (kcal/day), high school graduate (yes 
or no), physical activity level (METs), current smoking (yes or no), alcohol intake (g/day), and body mass index at baseline.
2Treating the median value of each group as a continuous variable using a Cox proportional-hazard model.
3Including the cross-product term of PDIs and gender in the multivariable model.
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component of metabolic syndrome [20]. In cross-sectional studies, 
individuals with higher hPDI scores had lower WCs (92.9, 86.8, 
and 87.6 cm in each tertile) [19] and greater reductions in visceral 
abdominal adipose tissue volume (-4.9% per 10-point increase in 
hPDI score) [17], and individuals with higher uPDI scores had 
1.54 times to 2.36 times greater odds of abdominal obesity [21,22].

To our knowledge, this is the first study to examine the associa-
tion of adherence to plant-based diets with abdominal obesity in-
cidence using 3 different exposure time points in Korea. The use 
of repeated diet measures allows us to reduce measurement error 
and to examine the different hypothesized temporal assumptions 
between exposures and outcomes [23]. As analytic strategies, we 
used baseline, most recent, and cumulative average dietary meas-
ures [23]. When using the baseline diet, we hypothesized a long 
induction effect of diet, which assumes an unchanged or constant 
rate of change in diet during follow-up [23]. When using the most 
recent diet, we hypothesized a relatively short induction effect com-
pared to the use of the baseline diet [23]. When using the cumula-
tive average diet, we hypothesized the cumulative effect of a long-
term diet by considering possible changes in participants’ diet 
during follow-up [23]. Although the strength of the findings was 
slightly stronger when using the cumulative average measurements, 
the positive associations between uPDI scores and abdominal 
obesity incidence were consistent across all 3 approaches. These 
findings may suggest that the management of unhealthy plant 
food consumption is helpful for preventing abdominal obesity ir-
respective of the length of the induction period. Further studies 
with repeated dietary measurements with longer follow-up peri-
ods are required for further improvement.

A possible explanation for positive associations of all uPDIs in 
relation to abdominal obesity risk includes the different nutritional 
characteristics according to the levels of uPDI. As opposed to the 
PDI and hPDI quintiles, participants in the fifth quintile of uPDI 
in all 3 measures consumed less iron, potassium, vitamin C, folate, 
beta-carotene, and fiber than those in the first quintile. The possi-
ble roles of these nutrients in the mechanisms of adiposity are as 
follows: (1) lower iron intake may deregulate the iron balance in 
white adipose tissue and inhibit adaptive thermogenesis [30]; (2) 
dietary vitamin C may inhibit visceral adipocyte hypertrophy and 
glucose intolerance by suppressing the gene expression involved 
in lipogenesis [31]; (3) dietary folate may inhibit visceral adipose 
tissue accumulation by reducing oxidative stress [32] or genetic 
regulation at the level of adipose tissue [33]; (4) beta-carotene may 
contribute to obesity prevention by reducing oxidative stress [34]; 
and (5) dietary fiber may reduce visceral fat mass by promoting 
adipocyte lipolysis in white adipose tissue and enhancing white 
adipose tissue browning via the activation of protein expression 
involved in thermogenesis [35]. Our findings may reflect the con-
sequences of mixed effects of each single component. Besides these 
nutrients, some food components (e.g., phytochemicals, polyphe-
nols, or probiotics) may contribute to the biological mechanism 
underlying the relationship between uPDI and obesity [36-38]. 
Since the relevant data for these components were not available in 

our data, future research is required to address this issue.
In the present study, hPDIaverage was associated with a lower risk 

of abdominal obesity in men, whereas hPDIbaseline was associated 
with a greater risk of abdominal obesity in women. This discrep-
ancy may be partially explained by the fact that women consume 
more total sugar than men due to a higher fruit consumption. In 
our sample, the mean fruit consumption was 1.4 servings/day 
(range: 0.0-12.6) for men and 1.8 servings/day (range: 0.0-24.4) 
for women. In addition, the proportion of those whose total sugar 
intake was greater than 20% of the total energy intake (recommend-
ed level: 10-20% of total energy intake) was 9% for men and 16% 
for women. Alternatively, it is possible that confounding from un-
known factors, such as gender differences in the gut microbiome 
composition [39], may hinder the detection of such associations. 
Further studies are warranted to resolve this issue.

The present study has the following strengths. First, our find-
ings were based on well-designed large-scale prospective cohort 
data with a study population of approximately 6,000 individuals 
and a long-term follow-up of up to 12 years. The long-term fol-
low-up in this study allowed us to identify enough new cases of 
abdominal obesity, which takes a relatively long time to develop. 
Second, we examined both the beneficial and harmful effects of 
salted vegetables such as kimchi by classifying them into the less 
healthy category (main results) or the healthy category (alternative 
results, Supplementary Material 8). Based on the similar findings 
in both analyses, we can assume a neutral effect of salted vegeta-
bles in our study population, and our findings may be comparable 
to those of other populations of individuals who do not consume 
salted vegetables on a daily basis.

Strengths aside, several limitations should be considered when 
interpreting the results of this study. First, our findings may not 
be applicable to other study settings or populations with different 
ages, races/ethnicities, and locations. Specifically, compared to 
study participants, those who enrolled in the KoGES study but 
were excluded from the final analytic set were more often women, 
older participants, and rural area residents, and were less likely to 
have higher education and higher income levels. Thus, the results 
should be interpreted with caution. Second, the misclassification 
of abdominal obesity may have occurred because WC may not 
fully capture visceral abdominal adiposity compared to medical 
imaging techniques. However, WC has been considered a validat-
ed and simple marker of abdominal obesity [8,9], and we observed 
a strong correlation between WC and body fat percentage using 
bioelectrical impedance analysis in our cohort (correlation coeffi-
cient: 0.8 in men; 0.7 in women). Third, FFQs are generally prone 
to recall bias and inaccurate portion size measurements [23]. Fur-
thermore, 2 dietary measurements were available, which may not 
have been sufficient to definitively present different induction pe-
riods. For example, if abdominal obesity was identified in the last 
visit (2015-2016), then it is uncertain whether the participant’s 
diet was stable throughout the follow-up period after the third 
visit (2005-2006). In addition, fruit juices could not be assessed 
because fruits and fruit juices were assessed using a single aggre-
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gated item; furthermore, in our FFQs, barley or mixed grains were 
usually consumed with white rice, and the classification of whole 
grains may not have been accurate. Fourth, possible uncontrolled 
confounding factors may exist, and unknown factors related to 
abdominal adiposity may have affected the direction and/or size 
of the association. Fifth, potential reverse causation may have bi-
ased the results due to possible changes in the dietary habits of the 
study participants. However, this concern is relatively unlikely 
based on the similar results in our sensitivity analyses (Supple-
mentary Materials 9 and 10).

In conclusion, greater adherence to unhealthy plant-based diets 
may increase the risk of incident abdominal obesity among Kore-
an adults aged 40-69 years. Although 3 different approaches for 
analyzing repeated dietary measurements were examined, the 
substantive findings were generally consistent across all approaches 
(i.e., using the baseline, most recent, or cumulative average diets). 
Future larger-scale observational studies with more repeated die-
tary measurements are warranted to determine whether the re-
sults are replicable and to provide more evidence for recommen-
dations.
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