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Background: A wide range of health benefits are associated with consuming a diet high
in plant-based foods. Diet quality can be accurately assessed using plant-based diet
indices, however there is inadequate evidence that plant-based diet indices are linked
to obesity, hypertension, and type 2 diabetes (T2D), especially in Chinese cultures who
have traditionally consumed plant-rich foods.

Methods: The data came from the China Nutrition and Health Survey. Overall, 11,580
adult participants were enrolled between 2004 and 2006 and followed up until 2009 or
2015 (follow-up rate: 73.4%). Dietary intake was assessed across three 24-h recalls,
and two plant-based dietary indices [overall plant-based diet indice (PDI) and healthy
plant-based diet indice (hPDI)] were calculated using China Food Composition Code and
categorized into quintiles. The study’s endpoints were overweight/obesity, hypertension,
and T2D. The Hazard ratio (HR) and dose-response relationship were assessed using the
Cox proportional risk model and restricted cubic splines. The areas under the curve of
the receiver operating characteristic curve analyses were used to evaluate the predictive
performance of the PDI and hPDI.

Results: During the median follow-up period of more than 10 years, 1,270
(83.4%), 1,509 (31.6%), and 720 (11.5%) participants developed overweight / obesity,
hypertension, and T2D, respectively. The higher PDI score was linked with a
reduced risk of overweight/obesity [HR: 0.71 (95% Cl: 0.55-0.93), P-trend <0.001],
hypertension [HR: 0.63 (95% CI: 0.51-0.79), P-trend <0.001], and T2D [HR: 0.79
(95% ClI: 0.72-0.87), P-trend <0.001]. The hPDI score was inversely associated
with overweight/obesity [HR: 0.79 (95% CI: 0.62-0.98), P-trend = 0.02] and T2D
[HR: 0.84 (95% CI: 0.75-0.93), P-trend = 0.001]. In the aged <55-year-old group,
subgroup analysis indicated a significant negative association between PDI/hPDI and
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overweight/obesity, hypertension, and T2D. There was no significant difference in the
areas under the curve of the fully adjusted obesity, hypertension, and diabetes prediction
models between PDI and hPDI.

Conclusion: The PDI and hPDI scores were very similar in application in Chinese
populations, and our findings highlight that adherence to overall plant-based diet index
helps to reduce the risk of T2D, obesity, and hypertension in Chinese adults who
habitually consume plant-based foods, especially for those aged <55 year. Further
understanding of how plant-based diet quality is associated with chronic disease will
be needed in the future, which will help develop dietary strategies to prevent diabetes,
hypertension, and related chronic diseases.

Keywords: obesity and metabolic diseases, longitudinal analyses, China Health and Nutrition Survey, healthy
plant-based diet index, plant-based diet index

INTRODUCTION

The prevalence of obesity, type 2 diabetes (T2D), and
hypertension, which are three key risk factors for cardiovascular
disease, is increasing globally. It is estimated that T2D affects
more than 370 million people and uncontrolled hypertension
more than 970 million people worldwide (1), while the
global prevalence of overweight and obesity has increased
from 20% in 1975 to 40% in 2016 (2). Obesity, T2D, and
hypertension constitute the leading causes of death from non-
communicable diseases.

The Global Burden of Disease study identified diet as a
major modifiable risk factor for non-communicable diseases
morbidity and mortality (3). Food group analyses are easier to
interpret and translate into recommendations for the primary
prevention of obesity, hypertension, and T2D than those of
nutrients or complex dietary patterns. Most studies have focused
on whether high adherence to plant-based diets and restricted
animal diets is associated with poor health outcomes, finding that
individuals on vegetarian diets have good metabolic profiles [e.g.,
lower body mass index (BMI), lower blood pressure, and lower
fasting glucose] (4-7). However, extreme dietary changes (e.g.,
the complete exclusion of animal-based foods) may be difficult
to adopt and adhere to over the long term when translating
research findings into public health and clinical applications.
Moreover, different plant foods are associated with different
health outcomes. In particular, less nutrient-dense plant foods
(e.g., sugary drinks and salt) are associated with a higher risk of
obesity, T2D, and hypertension.

In this context, “plant-based diet indices” (PDIs), which assess
the degree of dietary adherence in higher plant-based foods and
lower animal-based foods, form a new indicator that has recently
been introduced. The “healthy plant-based diet index” (hPDI)
measures higher adherence to healthy plant-based foods (e.g.,
fruits, vegetables, whole grains, nuts, legumes, tea, and coffee)
and lower adherence to unhealthy plant-based foods (e.g., refined
grains and high-sugar foods) and animal-based foods.

A few studies have used PDIs to assess plant food and animal
food intake and considered the health status of plant foods. These
studies have focused on hypertension (8), diabetes mellitus (9),
weight change (10), chronic kidney disease (11), and metabolic

syndrome (12). However, evidence on the association between
PDIs and the risk of obesity, hypertension, and T2D is still scant.
More importantly, these studies have been performed mainly in
Western adult populations living in developed countries (i.e., the
United States and Europe). Only two prospective studies on PDIs
have been conducted in Asian populations (12, 13). Considering
the heterogeneity found in the quantity and quality of diets
in different populations and its effects on the health statuses
(14, 15), these associations may require further analysis in Asian
populations that traditionally consume diets rich in plant foods.

The aim of this study was to assess the association between
the PDI and the hPDI and overweight/obesity, hypertension,
and T2D using data from the China Health and Nutrition
Survey (CHNS).

MATERIALS AND METHODS

Study Design and Participants

The CHNS is an open, prospective, population-based,
longitudinal study (16) that aims to explore the impact of
the socio-economic transformation of Chinese society on
the nutritional and health status of the Chinese population.
Launched in 1989 and followed up on in 1991, 1993, 1997,
2000, 2004, 2006, 2009, 2011, and 2015, the CHNS uses a
multi-stage random sampling strategy to draw samples from 15
provinces with different demographic, geographic, economic,
and public resources (17). The scientific rationale and design of
the CHNS have been reported previously (18). Adult participants
in the 2004 and 2006 surveys were included in this report
because the China Food Composition Code (2002/2004 edition)
began to be used in 2004(19, 20), and we used the 2015
survey as the primary study endpoint time, while the diabetes
outcome assessment also considered the 2009 glucose/glycated
hemoglobin (HbAlc) index. The Institutional Review Board of
the University of North Carolina at Chapel Hill and the National
Institute of Nutrition and Health of the Chinese Center for
Disease Control and Prevention approved the investigation (No.
201524). All participants gave their informed consent before
the study. This study is reported according to the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.
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From the total number of adult participants at baseline
(n=11,774), we excluded 26 with extremely low or high total
energy intakes (<500 kcal/day or >5,000 kcal/day, respectively)
and 168 participants with cardiovascular disease (i.e., myocardial
infarction, stroke, or angina) or cancer because a diagnosis of
chronic disease may prompt individuals to change their dietary
behavior. A total of 8,503 individuals were tracked to 2009
or 2015 (follow-up rate: 73.4%). We excluded 3,778, 3,681,
and 327 participants who were overweight or had obesity, had
hypertension, and had diabetes at baseline, respectively. Finally,
we excluded 4,007 overweight/obese, 3,124 hypertensives, and
3,042 diabetic individuals with missing outcomes, respectively.
In the final analysis sample, a total of 3,795 individuals in
Sample 1 were used to study the association between PDIs and
overweight/obesity, a total of 4,775 individuals in Sample 2 were
used to study the association between PDIs and hypertension,
and a total of 8,211 individuals in Sample 3 were used to study
the association between PDIs and T2D (Figure 1).

Dietary Assessment

At the time of the baseline (2004 or 2006) survey, dietary
assessment in the CHNS was performed by trained researchers
during the same period (2 weekdays and 1 weekend day)
utilizing three consecutive 24-h individual-level food recalls and
household-level food inventory weighing (see Supplementary S1
Text for the Dietary Questionnaire). Detailed information on
the dietary assessment has been previously published (18). In
brief, all available food (purchased, stored, or home produced)
was weighed daily on a digital scale (minimum 1 g, maximum
3 kg). Household food consumption is estimated by examining
the changes in household food stocks and waste. With the help
of the food model, individual dietary intake was estimated by
asking each household member to report the type, quantity, time,
and place of consumption of all foods consumed at home and
outside of the home the previous day. For each dish prepared
at home, the amount of food consumed by each individual was
estimated based on the ratio of household food consumption to
individual consumption. If there were significant differences in
food consumption at the household level and individual level,
the interviewer returned to the household and the individual
in question to record further details regarding the individual’s
food consumption. Dietary intake of cereals, meat, vegetables,
and fruits was estimated for each individual based on the mean
of three 24-h dietary recalls.

To ensure the stability of the dietary data, we used average
year data for 2004 and 2006 as the baseline dietary assessment.
When participants participated in only one of the survey
years, the current year’s dietary intake could be utilized as the
baseline assessment.

We calculated two plant-based diet indices (PDI, hPDI)
based on average 24-h dietary assessment data. The calculation
of each dietary index and the differences between the indices
have been described in detail in previous studies (8, 9,
12). Briefly, referring to the China Food Composition Code
(2002/2004 edition) and the classification of food items in the
aforementioned studies, all foods were classified into 17 food
groups (Supplementary Table S1) in this study. These food

groups were classified as healthy plant foods (whole grains,
fruits, vegetables, nuts, legumes, tea and coffee, and vegetable
oils), less healthy plant foods (refined grains, potatoes, sugary
drinks, sweets and desserts, and preserved foods), and animal
foods (animal fats, dairy products, eggs, fish or seafood, and
meat). Considering the specificity of the Chinese diet, we
added the category “fermented foods” and deleted the category
“miscellaneous animal foods” (considering that almost none of
our subjects reported consuming them).

Considering that residuals were independent of food
consumption, this study adjusted for total energy intake by using
the residual method and ranked participants by quintile for
each food group (21) to give a positive or a negative score. For
the PDI, all plant foods were scored positively; for the hPDI,
only healthy plant foods were scored positively. For a positive
score, individuals in the fifth quartile scored five points and
individuals in the first quartile scored one point. For negative
scores, individuals in the fifth quartile scored one point and
individuals in the first quartile scored five points. The scores of
17 food groups for each participant were then summed to obtain
a theoretical range of indices ranging from 17 to 85, and the
overall index was divided into quintiles for analysis (22), with
higher quartiles representing better adherence.

Measurement

A structured questionnaire was used to collect participant
information including demographic characteristics (age, gender,
and education), lifestyle (total energy intake, physical activity,
smoking status, and alcohol intake), general health status
(diabetes and hypertension), and disease history (myocardial
infarction, stroke, angina, and cancer). Participants were asked
to wear only light clothing and no shoes when measuring
their height and weight and to measure their height to the
nearest 0.1cm using a SECA tape measure and measure
their weight to the nearest 0.1kg using a calibrated balance
scale: body mass index (BMI) (kg/mz) = weight (kg)/height
(m)2. Waist circumference was measured using a SECA tape
measure at the narrowest point between the lowest rib of
the ilium and the uppermost margin to the nearest 0.1 cm.
After 5min of sedation, blood pressure was monitored using
a mercury sphygmomanometer on three consecutive occasions,
each 3-5min apart, and the mean of the three systolic
and diastolic blood pressure measurements was counted in
the analysis.

Blood samples for 2009 were collected according to strict
quality control standards specifications, and after a minimum
12-h overnight fast, blood samples (12mL) were collected by
venipuncture in the morning and transferred to a local hospital
for processing within 2h of collection. All blood samples were
analyzed at the Beijing National Central Laboratory (Medical
Laboratory Accreditation Certificate: ISO 15189:2007) (23).
Fasting glucose determination and routine blood tests were
performed at the local hospital using the glucose oxidase-phenol
and 4-amino benzoquinone method (Randox Laboratories Ltd.,
Crumlin, Co. Antrim, UK). HbAlc was determined by high-
performance liquid chromatography (HLC-723 G7 analyzer;
Tosoh Corp., Tokyo, Japan).
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were reviewed

11774 adults participants of China Health Nutrition Survey in 2004 or 2006

Participants excluded:
1. with implausibly low or high

total energy intake (n = 26)

» 2.  with cardiovascular disease
(myocardial infarction,

stroke, or angina) or cancer
(n=168)
h 4 A A 4
overweight/obesity hypertension T2D
L, pfevalent ovgrweight/ N prevalen.t hypertension at L s preva.lent T2D at
obesity at baseline (N=3778) baseline (N=3681) baseline (N=327)
- missing data further - missing data further R missing data further
excluded (n =4007) excluded (n=3124) excluded (n =3042)
v
3795 participants 4775 participants 8211 participants
included included included

FIGURE 1 | Participant flow diagram.

Assessment of Covariates

We classified education levels into four categories: elementary
school and below, middle school, high school, and college and
above. We calculated the daily metabolic equivalent task for
each participant by calculating the type and intensity of physical
activity (24). Smokers were defined as subjects who smoked
an average of one or more cigarettes per day for at least 6
months before the survey and were still smoking in the 1
month before the survey; other subjects were categorized as non-
smokers. Alcohol drinkers were defined as those who consumed
beer, liquor, or other alcoholic beverages during the past year;
other subjects were classified as non-drinkers. The model was
adjusted for age, total energy intake, physical activity, and BMI
as continuous variables.

Ascertainment of Overweight/Obesity,
Hypertension, and T2D

Based on the overweight and obesity criteria recommended by
the Chinese Working Group on Obesity, this study defined
overweight/obesity as BMI >24 kg/m? (25, 26).

In the CHNS, questions about hypertension were asked as
follows: (1) “Has a doctor told you that you have hypertension?”
If so, (2) “How many years have you had hypertension?” and
(3) “Do you take antihypertensive medication?” hypertension
was defined as meeting at least one of the following criteria: (1)
systolic blood pressure >140 mmHg, (2) diastolic blood pressure
>90 mmHg, or (3) self-reported as having been diagnosed
with hypertension or being on oral antihypertensive medication
during follow-up (27).

In the CHNS, the following questions were asked about
diabetes: (1) “Has a doctor told you that you have diabetes?” If so,
(2) “How old were you when the diabetic disease was diagnosed?”
and (3) “Have you had any of the following treatments, such as
special diet, weight control, oral medication, insulin injections,
herbal medicine, home remedies, qigong, etc.?” Based on the
diagnostic criteria of the American Diabetes Association (28),
T2D was defined as meeting at least one of the following criteria
in the 2009 survey: (1) fasting blood glucose concentration
of >7.0 mmol/L (126 mg/dL), (2) HbAlc >6.5%, or (3) self-
reported diagnosis of T2D or on hypoglycemic medication. In
2015, it was defined based on self-reported diabetes or taking
hypoglycemic medication. Previous studies have demonstrated
that self-reported diabetes is a relatively valid tool for obtaining
the diabetes status of Chinese study participants (29).

Statistical Analyses
Descriptive analyses were reported as the mean =+ standard
deviation (SD) or median (interquartile range), estimated as the
mean =+ SD for continuous variables and frequency (percentage)
for categorical variables. Statistical differences in disease
occurrence between groups were tested by analysis of variance,
the Kruskal-Wallis test, or the chi-square test, respectively.
Following the methodological approach of the database (30),
we used Spearman correlation analysis to explore the relationship
between baseline PDI and hPDI. We used Cox proportional
hazards models to estimate the association between PDIs and
overweight/obesity, hypertension, and diabetes mellitus. The
time indicator was the duration of follow-up from baseline
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(2004 or 2006) to disease onset or the cut-off date. Time-
dependent covariates analysis validated the assumption of equal
proportional risk. Multiple covariates were selected and adjusted
in the three models. In model 1, we adjusted for urban-rural,
age, sex, and total energy intake. In model 2, we further adjusted
for educational level, physical activity, smoking, and drinking.
In model 3, we made additional adjustments for BMIL. To test
for potential non-linear associations, we tested for linear trends
using the median score per quantile of index scores. By using
index scores as continuous variables, we estimated the risk of
disease for each standard deviation (1 SD) increase in each
dietary index and also fitted restrictive cubic splines to the
fully adjusted model to further observe the association between
plant-based dietary indices and disease. The areas under the
curve (AUC) of the receiver operating characteristic curve (ROC)
analyses were used to evaluate the predictive performance of the
PDI and hPDI. Since some studies have shown that age and
sex (31, 32) associations between diet and disease may differ,
we further stratified the results by sex and age and investigated
whether the PDIs were associated with different sex and age
groups. All statistical tests were two-sided and performed using
SAS 9.4 (SAS Institute, Cary, NC) and R-4.1.2 (http://www.R-
project.org/); p < 0.05 was considered statistically significant.

RESULTS

Characteristics of Participants

During a median follow-up of 10.76 years (total person-
years:  40,845), 1,270 (33.4%) participants  became
overweight/developed obesity with a mean age of 44.01
+ 1243 years. During a median follow-up of 10.28 years
(total person-years: 49,127), 1,509 (31.6%) participants
developed hypertension with a mean age of 48.79 + 11.55
years. During a median follow-up of 10.18 years (total
person-years: 83,633), 720 (8.7%) participants developed
T2D with a mean age of 53.58 £ 12.14 years. In the disease
prevalence overlap, 83 (11.5%) participants with T2D also
suffered from being overweight/obesity, and 374 (24.8%)
participants with hypertension also suffered from being
overweight/obesity. In addition, 149 (1.8%) participants had
both T2D and hypertension, and 28 (0.3%) participants had all
three diseases simultaneously.

Comparisons of baseline characteristics between those
who did and did not develop T2D, hypertension, and
overweight/obesity are shown in Table1l. Age, BMI, waist
circumference, and blood pressure significantly affect the
incidence of all diseases. In addition, education and drinking
affect the incidence of diabetes. Total energy intake and animal
food intake affect the incidence of obesity. Hypertension has the
most influencing factors; in addition to common factors, it also
includes urban and rural areas, less healthy plant foods, animal
foods, smoking, drinking, and education level.

In the present study, PDI and hPDI showed the highest
Spearman correlation for overweight or obesity (o = 0.76), and
Spearman correlation coefficients were 0.72 and 0.73 for T2D
and hypertension.

Food Characteristics

In the overweight/obesity, hypertensive, and T2D populations,
the highest quintile of PDI and hPDI had higher intakes of
fruits, vegetables, nuts, legumes, potatoes, and salty foods and
lower total intakes of meat (Supplementary Table S3). In the
PDI, the highest quintile consumed on average 118-130g of
fruit and 377-380g of vegetables per day, while the lowest
quintile consumed on average 9.9-10.2 g of fruit and 320-362¢g
of vegetables per day. The highest quintile in the hPDI consumed
on average 111.2-137.0 g of fruit and 348.9-375.1 g of vegetables
per day, while in the lowest quintile, 5.2-7.5 g of fruit and 353.4-
358.7 g of vegetables per day were consumed.

Risk of Overweight/Obesity by Baseline
PDI and hPDI Quartiles

Table 2 indicates the incidence of overweight/obesity for
individuals stratified by baseline PDI and hPDI quintiles. The
trend in the incidence of overweight/obesity across increasing
PDI and hPDI quintiles was highly statistically significant for
all models (p < 0.05). In the multivariate models, the adjusted
Hazard ratios (HR) was attenuated but remained significant
in the comparison of the highest (Q5) and lowest (Q1)
quartiles. When the PDI was modeled consecutively, the risk of
overweight/obesity was reduced by 11% for every 1 SD increase
in the index, which was statistically significant (95% CI: 0.82—
0.97; p-trend < 0.001). When hPDI was assessed consecutively,
there was a statistically significant difference of a 4% reduction in
the risk of overweight/obesity occurrence for every 1 SD increase
in the index (95% CI: 0.89-1.00; p-trend = 0.02). However, the
restricted cubic spline of the association between PDI/hPDI and
the risk of occurrence of overweight/obesity showed a U-shaped
trend of decreasing and then gradually increasing the risk of
overweight/obesity with increasing PDI/hPDI (Figure 2). The
full adjustment overweight/obesity prediction model yielded an
AUC of 0.784 (95% CI: 0.764-0.804) for PDI and 0.783 (95% CI:
0.763-0.803) for hPDI, with no significant difference (p = 0.299)
(Figure 3A).

Risk of Hypertension by Baseline PDI and
hPDI Quartiles

A higher PDI score was also associated with a reduced risk
of developing future hypertension (Table2). After adjusting
for multiple potential covariates, participants in the highest
PDI quartile had a 37% lower risk of developing hypertension
(HR: 0.63, 95% CI: 0.51-0.79). The linear trend for increasing
PDI quartiles remained highly significant in the multivariate
model (p-trend < 0.001). When the PDI was assessed
consecutively, the risk of hypertension was reduced by 12% (95%
CI: 0.82-0.94; p-trend < 0.001) for every 1 SD increase in the
index. There was a strong linear association between a higher PDI
score and the incidence of hypertension (Figure 2).

In each hPDI model, no linear trend (p > 0.05) was detected
in the risk of hypertension development in each quartile of hPDIL
In multivariate models, adjusted HRs were all <1, but there was
no statistical difference in the highest quartile (Q5) compared
with the lowest quartile (Q1). However, when modeling the hPDI
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TABLE 1 | Baseline characteristics of cohort by incident overweight/obesity, T2DM, or hypertension.

Characteristics* No overweight/obesity New overweight/obesity p No hypertension New hypertension p No T2DbM New T2DM p
Number 2,525 1,270 3,266 1,509 8,211 720

Age (years) 46.3 +13.4 440+ 12.4 <0.001 424 £12.7 487 £ 11.5 <0.001 46.1 £14.2 535+ 121 <0.001
Male, n (%) 1,185 (47.4) 623 (49.5) 0.21 1,495 (46.1) 730 (48.6) 0.09 3,594 (48.3) 366 (50.2) 0.29
Rural, n (%) 1,848 (73.2) 945(74.4) 0.42 2,320 (71.0) 1,152 (76.3) <0.001 5,185 (69.3) 491 (67.1) 0.22
Total energy intake (kcal/day) 2231.6 £ 597.3 2271.1 £653.2 0.03 2,244.3 + 605.1 2259.1 £ 642.2 0.44 2,203.0 +571.2 2214.2 £ 640.7 0.56
Educational level, n (%) 0.09 <0.001 <0.001
Primary school or below 1,154 (46.2) 541 (43.1) 1,321 (40.7) 732 (48.8) 3,284 (44.1) 384 (52.7)

Junior high school 851 (34.1) 458 (36.5) 1,196 (36.9) 489 (32.6) 2,468 (33.2) 188 (25.8)

Senior high school 299 (11.9) 172 (13.7) 435 (13.4) 186 (12.4) 979 (13.1) 87 (11.9)

College and above 194 (7.7) 85 (6.8) 292 (9.0) 93 (6.2) 700 (9.4) 69 (9.4)

Physical activity (MET/day) 184.6 + 124.2 192.3 £ 127.8 0.15 185.7 £ 124.5 181.0 £ 128.7 0.33 180.6 + 125.1 173.2 £ 126.1 0.28
Smoking, n (%) 868 (34.7) 416(383.1) 0.31 1,010 (31.1) 519 (34.6) 0.01 2,437 (32.7) 253 (34.8) 0.24
Alcohol drinking, n (%) 840 (33.6) 429 (34.1) 0.71 1,028 (31.6) 552 (36.7) <0.001 2,462 (33.1) 271 (37.2) 0.02
BMI (kg/m?) 209+ 1.9 228+ 21 <0.001 223+29 236+ 3.3 <0.001 22.86 + 3.2 253+ 3.7 <0.001
Systolic BP (mm Hg) 117.4 £15.7 1189 +16.4 0.01 114.0+12.2 121.9+13.6 <0.001 12056 +£17.3 130.1 +£20.3 <0.001
Diastolic BP (mm Hg) 759 +£10.2 7794+ 10.8 <0.001 746 + 8.6 79.0 £ 9.1 <0.001 781 +£10.7 82.7 121 <0.001
Waist circumference (cm) 754 +76 80.3+7.8 <0.001 78.3+8.9 82.3+9.4 <0.001 80.2+9.5 87.3+£10.1 <0.001
Food groups

Healthy plant foods (g/day) 540.0 + 245.7 546.8 + 274.8 0.41 546.1 + 265.3 551.9 + 266.0 0.48 564.8 + 273.2 547.1 +252.8 0.22
Less-healthy plant foods (g/day) 433.2 +179.8 435.8 £200.7 0.64 435.9 + 191.2 423.2 +£195.8 0.03 418.7 £ 187.4 426.5 + 183.8 0.20
Animal foods (g/day) 169.7 £ 131.0 154.3 £ 129.7 <0.001 168.0 £ 131.9 156.2 + 128.2 <0.001 173.9 + 126.1 176.2 £ 138.3 0.41
Overall plant-based diet indice 19.3+£5.9 18.4 £5.7 <0.001 19.4 £ 6.1 18.7 £5.8 <0.001 20.2 + 6.1 19.9 £ 6.1 0.15
Healthy plant-based diet indice 23.4 +14.8 23.2+15.7 0.54 19.0+6.9 18.7 +£6.8 0.17 203+ 7.1 19.7+£7.0 0.04

*Descriptive analyses of continuous variables were analyzed by means + Standard deviations (SD) or medians (interquartile range) were estimated mean + SD, and categorical variables were described by number (percentage). Analysis
of variance (ANOVA) or Kruskal-Wallis test was used for continuous variables, and chi square test was used for categorical variables. BMI, body mass index; BF, blood pressure.
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TABLE 2 | Prospective associations between plant-based diet indices and incident overweight/obesity, hypertension and type 2 diabetes mellitus?.

Incident overweight/obesity (N = 3,795)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend HR (95%) per 1 SD
increase
PDI
Number of cases 253 342 250 233 192
Person-years 7,024 10,183 8,027 8,048 7,563
Incidence density 36.0 33.6 31.1 29.0 25.4
(1,000 person-year)
Model 1 Ref 0.87 (0.74,1.03) 0.81(0.68, 0.95) 0.72 (0.61, 0.87) 0.62 (0.61, 0.76) <0.001 0.85 (0.81, 0.90)
Model 2 Ref 0.83(0.68, 1.01) 0.77 (0.62, 0.96) 0.65 (0.51, 0.81) 0.59 (0.46, 0.74) <0.001 0.84 (0.78, 0.90)
Model 3 Ref 0.94 (0.76, 1.18) 0.89 (0.70, 1.11) 0.78 (0.61, 1.01) 0.71(0.55, 0.93) <0.001 0.89 (0.82, 0.97)
hPDI
Number of cases 290 272 227 234 247
Person-years 8,049 8,434 7,914 8,174 82,74
Incidence density 36.0 32.3 28.7 28.6 29.9
(1,000 person-year)
Model 1 Ref 0.98 (0.75, 1.07) 0.77 (0.65, 0.92) 0.77 (0.65, 0.92) 0.75 (0.683, 0.89) <0.001 0.94 (0.89, 1.00)
Model 2 Ref 0.89 (0.72, 1.09) 0.66 (0.53, 0.84) 0.72 (0.58, 0.89) 0.71(0.57,0.88) <0.001 0.94 (0.87, 1.01)
Model 3 Ref 0.94 (0.75,1.18) 0.76 (0.58, 0.98) 0.79 (0.683, 1.00) 0.79 (0.62, 0.98) 0.02 0.96 (0.89, 1.00)
Incident hypertension (N = 47,75)
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend HR (95%) per 1 SD
increase
PDI
Number of events 382 297 268 322 240
Person-years 106,88 9,447 9,371 10,036 9,585
Incidence density 35.7 31.4 28.6 32.1 25.0
(1,000 person, year)
Model 1 Ref 0.84 (0.72,0.97) 0.76 (0.65, 0.89) 0.87 (0.75, 1.01) 0.68 (0.58, 1.81) <0.001 0.89 (0.84, 0.94)
Model 2 Ref 0.81(0.66, 0.98) 0.70 (0.57, 0.86) 0.85(0.70, 1.02) 0.61(0.49, 0.75) <0.001 0.86 (0.81, 0.93)
Model 3 Ref 0.83(0.67, 1.00) 0.73 (0.59, 0.90) 0.91(0.74,1.10) 0.63 (0.51, 0.79) <0.001 0.88(0.82, 0.94)
hPDI
Number of cases 349 340 255 320 245
Person-years 10,945 11,101 8,352 10,190 8,539
Incidence density 31.9 30.6 30.5 31.4 28.7
(1,000 person-year)
Model 1 Ref 0.95(0.82, 1.11) 0.94 (0.80, 1.06) 0.96 (0.83, 1.12) 0.89 (0.76, 1.05) 0.26 0.95 (0.91, 1.01)
Model 2 Ref 1.04 (0.87, 1.26) 0.99 (0.81,1.22) 0.93(0.76, 1.14) 0.84 (0.67, 1.04) 0.07 0.93 (0.86, 0.99)
Model 3 Ref 1.04 (0.86, 1.27) 1.08 (0.87, 1.33) 0.95(0.78, 1.17) 0.83(0.66, 1.04) 0.09 0.93 (0.87, 1.00)
(Continued)
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TABLE 2 | Continued

Incident Type 2 diabetes (N = 8211)

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend HR (95%) per 1 SD
increase

PDI
Number of cases 149 170 143 137 121
Person, years 16,140 19,501 16,351 16,013 15,628
Incidence density 9.2 8.7 8.7 8.6 7.7
(1,000 person-year)
Model 1 Ref 0.81(0.66, 0.98) 0.70 (0.57, 0.86) 0.85(0.70, 1.02) 0.61(0.49, 0.75) <0.001 0.93 (0.91, 0.95)
Model 2 Ref 0.89 (0.81, 0.98) 0.86 (0.78, 0.95) 0.85(0.77,0.94) 0.80(0.72, 0.88) <0.001 0.93 (0.90, 0.96)
Model 3 Ref 0.89 (0.81, 0.98) 0.87 (0.78, 1.45) 0.85 (0.76, 0.93) 0.79 (0.72,0.87) <0.001 0.93 (0.90, 0.96)
hPDI
Number of cases 156 133 160 165 106
Person-years 15,803 15,431 18,367 17,164 16,868
Incidence density 9.9 8.6 8.7 9.6 6.3
(1,000 person-year)
Model 1 Ref 0.96 (0.89-1.03) 0.93 (0.87-1.00) 0.91 (0.84-1.00) 0.91 (0.84-0.98) <0.001 0.95 (0.93, 0.97)
Model 2 Ref 0.94 (0.86-1.04) 0.91 (0.82-0.99) 0.90 (0.82-0.99) 0.84 (0.76-0.93) <0.001 0.94 (0.91, 0.97)
Model 3 Ref 0.94 (0.85-1.03) 0.90 (0.81-0.99) 0.90 (0.81-0.99) 0.84 (0.75-0.93) 0.001 0.94 (0.92, 0.98)

Model 1 was adjusted for age, urban and rural, sex, and total energy intake. Model 2 was adjusted for age, urban and rural, sex, total energy intake, education, physical activity, smoking status, and alcohol drinking. Model 3 was adjusted

for age, sex, total energy intake, education, physical activity, smoking status, alcohol drinking, baseline systolic and diastolic blood pressure, and BMI.

aThe quintiles do not have equal sample size because many participants received the same scores.

BMI, body mass index; PDI, overall plant-based diet index; hPDI, healthful plant-based diet index; SD, standard deviation.
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FIGURE 2 | Adjusted hazard ratios and 95% confidence intervals for incident overweight/obesity, hypertension and type 2 diabetes according to the continuous PDI
and hPDI. Adjusted for age, urban and rural, sex, total energy intake, education, physical activity, smoking status, alcohol drinking, baseline systolic and diastolic
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consecutively, there was a statistically significant 7% reduction
in the risk of hypertension for every 1 SD increase in the index
(HR: 0.93, 95% CI: 0.87-1.00). This association was reflected
when we visually described the association between hPDI and
the incidence of hypertension (Figure 2). The full adjustment
hypertension prediction model yielded an AUC of 0.749 (95% CI:
0.730-0.768) for PDI and 0.747 (95% CI: 0.728-0.766) for hPDI,
with no significant difference (p = 0.104) (Figure 3B).

Risk of T2D by Baseline PDI and hPDI

Quartiles

During 83,633 person-years of follow-up, we recorded 720 cases
of diabetes. In the fully adjusted model, a higher PDI/hPDI
was significantly associated with a reduced risk of developing
T2D (Table2). A 21% lower risk of developing diabetes was
observed in the highest PDI quartile (HR: 0.79, 95% CI: 0.72-
0.87, p-trend < 0.001) and a 16% lower risk of developing
diabetes was observed in the highest hPDI quartile (HR: 0.84,
95% CI: 0.75-0.93, p-trend = 0.001). When PDI/hPDI was
assessed consecutively, the risk of developing diabetes decreased
by 7% (95% CI: 0.90-0.96) and 6% (95% CI: 0.92-0.98) for each 1
SD increase in the index. The association between PDI/hPDI and
the risk of developing diabetes was also shown in the restricted
cubic spline, indicating that with increasing PDI/hPDI the risk
of developing diabetes showed a significant downward trend
(Figure 2). The AUC for the full adjustment T2D prediction
model was 0.741 (95% CI: 0.715-0.767) for PDI and 0.740
(95% CI: 0.714-0.766) for hPDI, with no significant difference
(p = 0.682) (Figure 3C).

Stratified Analyses
We performed a stratified analysis. In the present study, after fully
adjusting for relevant confounding, we found that higher PDI

and hPDI scores were significantly and negatively associated with
the risk of being overweight/having obesity, hypertension, and
T2D in the younger population (age < 55 years) (p < 0.05), while
the linear trend of increasing PDI/hPDI quartiles with associated
diseases in the younger age group remained highly significant
(p-trend < 0.02). However, in older people (age > 55 years), there
were no statistically significant differences (p > 0.05), except for
a significant negative association between PDI score and risk of
hypertension (p < 0.05) (Table 3).

In a gender-stratified analysis, after fully adjusting for relevant
confounding, we found that higher PDI and hPDI scores
showed significant negative correlations with the risk of being
overweight/having obesity in women (p < 0.05) and with
risk of T2D in both men and women (p < 0.05), while we
found that only the PDI score showed a significant negative
association with the risk of hypertension in both sexes (p < 0.05)
(Supplementary Table S2).

DISCUSSION

In this relatively large nationwide cohort study of adults, we
found that higher scores on PDIs were associated with a reduced
risk of being overweight and having obesity, hypertension, and
T2D. Specifically, PDI and hPDI were negatively associated
with the risk of having obesity and T2D, and PDI was also
negatively associated with the risk of hypertension, and these
associations were independent of BMI and other risk factors.
Previous prospective studies and meta-analyses have concluded
that higher PDI and hPDI scores are negatively associated with
lower reductions in weight gain over 4-year intervals (10). Plant-
based diets, especially those rich in high-quality plant foods,
significantly reduce the risk of T2D (9, 13, 33-35). PDI or hPDI
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FIGURE 3 | (A-C) Receiver-operating characteristic curves for PDI and hPDI predicting incident overweight/obesity, hypertension and type 2 diabetes.
Modelpp; and Modelnpp: Adjusted for age, urban and rural, total energy intake, education, physical activity, smoking status, alcohol drinking, baseline systolic and

TABLE 3 | Hazard ratios (95% Cl) for overweight/obesity, hypertension and type 2 diabetes according to quintile of the overall & healthful plant-based diet indices,

stratified by age.

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend?
Overall plant-based diet index
Overweight/obesity
<55 years 1.00 0.97 (0.76, 1.24) 0.90 (0.71, 1.16) 0.80(0.62, 1.04) 0.68 (0.51, 0.90) <0.001
>55 years 1.00 0.56 (0.31, 0.99) 0.62 (0.34, 1.10) 0.55 (0.28, 1.08) 0.79(0.44,1.41) 0.38
Hypertension
<55 years 1.00 0.80 (0.63, 1.01) 0.78 (0.63, 0.98) 0.80 (0.62, 1.03) 0.62 (0.49, 0.80) 0.02
>55 years 1.00 0.87 (0.59, 1.30) 0.82(0.52, 1.28) 1.10(0.70, 1.74) 0.58 (0.35, 0.95) 0.08
Type 2 diabetes mellitus
<55 years 1.00 0.89(0.80, 1.01) 0.88 (0.80, 0.98) 0.86 (0.77, 0.95) 0.80(0.72, 0.89) <0.001
>55 years 1.00 0.94 (0.75, 1.17) 0.87 (0.68, 1.11) 0.92 (0.72,1.17) 0.87 (0.67,1.12) 0.30
Healthful plant-based diet index
Overweight/obesity
<55 years 1.00 0.84 (0.65, 1.09) 0.66 (0.51, 0.86) 0.79 (0.62, 1.01) 0.74 (0.58, 0.95) 0.01
>55 years 1.00 1.31(0.73, 2.34) 1.23 (0.65, 2.32) 1.00 (0.51, 1.97) 0.97 (0.54, 1.80) 0.78
Hypertension
<55 years 1.00 0.96 (0.77, 1.20) 0.99 (0.77,1.27) 0.92(0.73, 1.16) 0.77 (0.60, 0.98) 0.04
>55 years 1.00 1.20 (0.80, 1.80) 1.34 (0.86, 2.11) 1.08 (0.64, 1.82) 0.87 (0.59, 1.40) 0.61
Type 2 diabetes mellitus
<55 years 1.00 0.95 (0.86, 1.05) 0.89 (0.76, 0.99) 0.91(0.82, 1.01) 0.84 (0.76, 0.94) 0.002
>55 years 1.00 0.99 (0.81, 1.22) 0.98 (0.77, 1.26) 0.95(0.74, 1.21) 0.92(0.72,1.16) 0.44

Adjusted for age, urban and rural, sex, total energy intake, education, physical activity, smoking status, alcohol drinking, baseline systolic and diastolic blood pressure, and BMI.
ap-Value when we assigned the median value to each quintile and entered this as a continuous variable in the model.

may moderately improve the risk of hypertension (8, 36). Our
findings are generally consistent with the current knowledge
that adherence to a higher PDI and hPDI score is associated
with a reduced risk of becoming overweight/developing obesity,
hypertension, and T2D, regardless of the health effects of specific
food types.

However, our results are partially inconsistent with the
findings of previous studies. First, although we found that higher
PDI and hPDI scores were associated with a lower risk of T2D
(HRppr: 0.79, 95% CI: 0.72-0.87; HRyppy: 0.84, 95% CI: 0.75—
0.93), the association between the hPDI score and the risk

of T2D was weaker than that of the PDI. This may be due
to different food type compositions. Some studies found no
clear association between vegetable and nut intake and diabetes
incidence (37), and a much higher intake of vegetables than
other healthy plant-based foods were found in our population,
which may have somewhat weakened this association. Second,
current evidence suggests that high hPDI score significantly
reduces the risk of developing hypertension, but the relationship
between PDI and the incidence of hypertension has not been
established. The US population study concluded that high
adherence to both PDI and hPDI significantly reduced the risk
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of hypertension by 12 to 16% (8). A recent study in a Korean
population found that high hPDI score significantly reduced the
risk of hypertension by 35% (HR: 0.65, 95% CI: 0.57, 0.75),
but PDI was not associated with hypertension (36). Our study
contradicted the findings of the Korean population study; it
found a significant negative association between high adherence
to PDI and hypertension incidence, but no significant association
was observed between high adherence to hPDI and hypertension
incidence. However, receiver operating characteristic curves
show that PDI and hPDI were found to be essentially the
same for the AUC of risk of hypertension. Thus, there could
be several reasons for this. Firstly, the difference may be
influenced by demographic characteristics (socio-demographic
characteristics, country, age structure, etc.). The analysis of
Korea, which included people aged 40-69 years, and our study,
which included people aged >18 years, found a significant
negative association between high adherence to hPDI and the
incidence of hypertension in people aged <55 years (HRppy:
0.62, 95% CI: 0.49-0.80; HRyppy: 0.77, 95% CI: 0.60-0.98).
Secondly, the inverse U-shaped distribution of whole grain intake
and the W-shaped distribution of meat intake observed in the
hPDI quintiles may explain the contradictory findings and non-
linear associations for hypertension. In addition, differences in
food consumption patterns and methods of obtaining dietary
data were associated with the contribution of the PDI and
hPDI scores. Of course, the number of available studies on PDI
and hPDI is limited, and more studies are needed to analyze
these associations.

Notably, although PDI and hPDI were negatively associated
with the risk of having obesity, the non-linear association showed
a U-shaped trend of decreasing and then gradually increasing the
risk of overweight/obesity with increasing PDI/hPDI. Marleen
As study showed that refined grain/high glucose index intake
are likely to facilitate weight increasing (38). The U-shaped
distribution of refined grain intake observed in the hPDI quintiles
and the liner distribution of refined grain intake observed in
the PDI quintiles may explain the non-linear association for
overweight/obesity in Chinese population.

In the age group analysis, adherence to high PDI and hPDI
in people >55 years were not found to significantly reduce the
risk of developing overweight/obesity, T2D, and hypertension,
which may be a result of the progressive decrease in caloric
needs of older adults and the progressive increase in the need
for nutrients not available in plant foods (e.g., unsaturated
fatty acids), with some studies showing that a dietary intake of
unsaturated long-chain fatty acids has a protective effect (39).
In addition, the risk of diabetes and hypertension is higher in
the elderly population than in the younger population because
of their physical function. Also, this result is consistent with the
results of the Nurses’ Health Study 2 data from Ambika Satija
et al’s study, but not with the pooled results from that study
(9). Some factors, including differences in dietary patterns across
populations, the methods used to obtain dietary data, and the
calculation methods used to develop these indices, may have
determined these differences. In the gender analysis, women
adhered to both the high PDI and hPDI in favor of a lower
risk of obesity. This may be because female vegetarians have

significantly higher adiponectin levels than non-vegetarians, and
studies have shown that lipocalin has protective metabolic effects
that reduce inflammation and endothelial dysfunction, which in
turn reduces the risk of being overweight/having obesity (40,
41).

Overall, higher PDI and hPDI scores are associated with a
decreased risk of overweight/obesity and the development of
their metabolic diseases. Our analysis of the correlation and
concordance between PDI and hPDI showed several common
components between these indices, with higher scores on these
indices implying higher intakes of fruits, vegetables, whole grains,
nuts, and legumes and lower intakes of red and processed
meats. PDI and hPDI were associated with a similar degree
of reduced risk of developing chronic diseases. In addition,
some studies have shown no significant association between the
consumption of vegetables, fruits, and nuts in a healthy plant-
based diet and the risk of developing T2D (37), which may have
somewhat weakened the protective effect of hPDI on chronic
disease. Taken together, these findings support the usual dietary
recommendations that recommend a higher intake of plant foods
(e.g., whole grains, fruits, vegetables, nuts, and legumes) and a
lower intake of animal foods (especially red meat and processed
meat), which are captured by the PDI and hPDI.

Our results regarding the association between plant-based
diets and overweight/obesity, T2D, and hypertension are
biologically plausible when considering the macronutrient and
micronutrient composition of plant-based dietary patterns.
Those adhering to a higher hPDI consumed higher amounts
of protein (12.2-14.5% of total energy), fiber, and potassium
compared to those in the lowest quartile. Randomized controlled
trials have reported that higher dietary protein and fiber intake
are associated with lower systolic and diastolic blood pressure
(42). Similarly, a higher potassium intake is believed to lower
blood pressure through vasodilation and vascular homeostasis
(43). In addition, plant-based diets may also reduce obesity
and T2D through several mechanisms (44, 45). Such diets
are rich in micronutrients, such as dietary fiber, antioxidants,
unsaturated fatty acids, and magnesium, and low in saturated
fat. Epidemiological and clinical studies have shown that highly
viscous and soluble fiber, lower levels of saturated fat, and lower
caloric content have beneficial effects on improving long-term
glucose metabolism and reducing energy intake (46).

The strength of our study is that the PDIs we used accounted
for dietary changes in the consumption of plant-based and
animal-based foods in an integrated manner as compared to
previous studies that used single nutrients or single food groups
alone. We found that high adherence to plant-based diet scores
was effective in reducing the risk of common non-communicable
diseases (overweight/obesity, diabetes, and hypertension). This
is consistent with previous analyses of individual foods and the
risk of weight change, diabetes, and hypertension development
in these cohorts (4-7). Another major strength of our study is the
detailed collection of dietary intake data, which were collected
through repeatedly validated 24-h dietary records based on an
extensive database containing 6,900 food items. This allowed us
to examine in detail the association between different types of
food groups and various chronic diseases (8).
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Nonetheless, certain limitations should be recognized. First,
although our model adjusts for a variety of potential confounders,
residual confounding by unavailable diets, certain medical
condition variables, or metabolic factors may persist. Second,
participants were categorized into quintiles of the plant-based
diet score based on the intake distribution. All of these metrics
limit inferences about the absolute intake of animal or plant foods
associated with a lower risk of obesity, T2D, and hypertension.
Finally, due to database limitations, the 9-11-year time frame
is relatively short when looking at total life expectancy, and the
young adults in this cohort are unlikely to develop diabetes and
hypertension in the next 9-11 years but may still have a higher
risk of future diabetes and hypertension, so a longer time frame
may be needed for future confirmation.

CONCLUSION

The PDI and hPDI scores were very similar in the Chinese
population in that they scored positively for fruits, vegetables,
whole grains, nuts, and legumes but had the opposite scores for
all animal products. Our findings emphasize that adherence to a
whole plant-based diet helps reduce the risk of T2D, obesity, and
hypertension in Chinese adults, particularly for those <55 years
of age. Our findings support a shift toward emphasizing plant-
based diets to improve health outcomes. Further understanding
of how the quality of plant-based diets is associated with chronic
disease will be needed in the future, which will help develop
dietary strategies to prevent diabetes, hypertension, and related
chronic diseases.
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